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NOTATION 


The  ■’ -mbols  used  here  have  been  selected  to  avoid  any  confusion 
with  the  symbols  used  in  earlier  Shipbuilding  Institute  investigations  of 
rudder  end  steering  characteristics.  Insofar  as  possible,  they  conform 
to  the  recomendations  of  the  International  Towing  Tank  Conference. 
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ABSTRACT 


Starting  from  present  day  criteria  for  the  choice  of  the 
sise  and  arrangement  of  rudders,  this  paper  discusses  the 
suitable  streamlining  of  guiding-head  and  balanced  rudders. 

In  addition  to  a  purely  visual  comparison  of  conventional 
(usual)  and  newly  developed  profiles,  the  report  includes 
profile  offsets  that  have  not  been  published  previously  and 
contrasts  the  form  parameters  of  various  rudder  profiles 
which  are  based  on  a  familiar  mathematical  method  of  pro¬ 
file  representation.  Cooperative  studies  of  several  familiar 
foreign  rudder  profiles  and  of  rudder  profiles  which  have 
been  developed  in  the  Shipbuilding  Institute  in  recent  years 
indicate  that  the  modem  profiles  definitely  improve  rudder 
efficiency,  both  when  the  ship  is  moving  astern  and  ahead; 
this  also  applies  to  bow  rudder  profiles.  The  influence  of 
the  thickness  ratio  (proportion  of  thickness  to  length)  in 
the  case  of  plate  rudders— which  has  not  been  established 
experimentally  in  publications  thus  far — is  indicated  in  an 
additional  test  series.  To  illustrate  the  possibilities  of 
subsequently  inproving  the  rudder  profile  either  in  effi¬ 
ciency  or  balancing,  the  use  of  a  rudder  wedge  arrangement, 
with  and  without  profile  shortening,  is  discussed  and 
examples  are  given  from  a  special  experimental  investigation. 

A.  INTRODUCTION 

Support  received  from  the  German  Research  Association  and  an  ex¬ 
tremely  effective  grant  from  the  Ministry  of  Transport  has  enabled  the 
Shipbuilding  Institute  of  the  University  of  Hamburg  to  carry  out  several 
theoretical  and  experimental  investigations  on  the  characteristics  of 
rudder-  over  a  period  of  several  years.  Moreover,  it  was  possible  to 
observe  that  during  this  period  of  time,  the  range  of  problems  concerning 
rudder  and  steering  qualities  of  ships  became  larger  an'  more  acute. 

Thus,  it  was  easily  possible  that  the  active  pursuit  of  these  investigations 
was  promoted  and  broadened  by  a  fruitful  contact  with  present-day  require¬ 
ments,  on  one  hand,  and  by  benefiting  from  the  investigations  started  in 
other  research  institutes  on  similar  subjects,  on  the  other. 

The  result  was  not  so  much  a  solution  of  individual  problems  taken 
up  consecutively,  but  rather  the  pursuit  of  research  work  on  a  broad  front; 
hence,  it  will  be  understandable  that  the  broad  investigations  are  not 
entirely  completed  but  that  it  is  inadvisable  to  delay  all  reports  until 
final  completion.  A  number  of  findings  have  already  been  arrived  at  on  the 


basis  of  tha  results  obtained  in  several  individual  fields  which  mqr  have 

fairly  useful  practical  applications.  Hence,  the  purpose  of  this  paper 

is  to  supplement  the  subject  matter  area  of  the  intermediate  results 
1  2 

reported  thus  far  *  as  well  as  the  nearly  concurrent  intermediate  re- 

mA  art 

suits.  In  this  connection,  I  must  therefore  ask  the  forbearance  of 
the  reader  if  the  timing  of  this  report  appears  to  be  too  early  in  view  of 
the  whole  range  of  problems  to  be  tackled  and  too  late  in  view  of  the 
many  detailed  results  obtained. 

Since  the  installation  of  the  facilities  required  for  these  and 
similar  experimental  investigations  is  still  incomplete,  many  compromises 
regarding  technical  execution  of  the  investigations  were  required.  Staff 
workers  of  the  Shipbuilding  Institute,  especially  Messrs.  Bohme,  Thiemann, 
and  Malzahn,  deserve  credit  for  the  fact  that  the  quality  of  the  test 
results  was  not  adversely  affected  by  this  circumstance. 


B.  CRITERIA  FOR  ARRANGEMENT  AND  STRUCTURAL  DESIGN 


The  first  consideration  when  designing  the  rudder  of  a  ship  is,  of 
course,  determination  of  the  surface  area.  As  a  consequence  of  the  pro¬ 
peller  arrangement  and  of  certain  real — or  assumed — requirements  for  ma¬ 
neuvering  characteristics,  we  then  obtain  in  relation  to  the  preselected 
surface  area,  a  more  or  less  arbitrary  arrangement  of  the  rudder  or  rudders 
in  relation  to  the  ship  and  especially  in  relation  to  its  propulsion 
system.  After  this  determination  has  been  made,  relatively  little  leeway 
remains  for  selecting  the  aspect  ratio  of  the  rudder  (^R  =  H^/A^),  the 
surface  outline,  and  the  type  of  rudder.  In  making  these  last-mentioned 
decisions,  it  will  often  be  found  that  structural  and  operational  con¬ 
siderations  play  a  decisive  role  and  that  the  only  remaining  problem  of 
the  hydromechanical  design  is  to  utilise  the  structural  conditions  to 
attain  the  best  possible  hydrodynamic  efficiency. 

If  for  the  time  being  we  disregard  the  attempts  at  "hydrodynamic 
treatments"  of  undesirable  effects  of  horizontal  gaps  and  the  ''are 


^References  are  listed  on  page  57. 
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occMiona  to  arrange  for  end  disks  aid  interned  late  disks,  than  the  only 
design  element  remaining  for  this  hydrodynamic  problem  is  the  streamlining 
of  the  rudder.  This  last  problem  represents  the  core  of  this  report. 
However,  in  order  to  see  it  in  the  proper  context,  we  shall  first  consider 
the  other  problems  involved  in  designing  ship  rudders. 

Even  today  statistical  data  are  used — prob ably  almost  exclusively — 

e  A  C.O 

in  selecting  the  size  of  the  rudder  surfaces.  Several  sources1’’  ’ 
indicate,  in  the  "usual  manner,"  as  it  were,  the  rudder  area  as  a  percent¬ 
age  of  the  lateral  plane  (A^/A^)  as  a  function  of  the  ship  type  or  as  a 
function  of  the  volume  displacement  ¥■  referred  to  the  lateral  plane  A^  and 
and  the  lateral  length  L^.  The  results  of  References  3  and  4,  conceived 
to  be  valid  for  "normal"  merchant  ships,  are  shown  in  Figure  1.  They  are 


Figure  1  -  Minimum  Rudder  Sizes  for  Directional  Stability 


reasonably  consistent  with  one  another  as  well  as  with  the  data  of 
References  6  to  8.  These  data  are  based  on  the  practical  requirement  of 
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providing  fhlpa  with  a  high  value  WtAj.  .  1^)  with  a  rudder  are*  which  1* 
sufficiently  large  for  directional  stability,  in  the  case  of  ships  with 
sai>ll  values  of  4VtAL  .  LL) ,  on  the  other  hand,  this  dimensioning  criterion 
would  result  in  ;s  unusually  snail  rudder  area;  it  is  true  that  directional 
stability  of  the  ship  would  be  attained,  but  the  radius  of  the  turning 
circle  would  be  unusually  large. 

Thus,  we  hare  touched  on  die  two  steering  qualities  of  a  ship  which 
are  the  aost  interesting  for  practical  ship  operation.  Frequently,  only 
the  radius  of  the  turning  circle  as  such  cones  under  discussion;  by  this 
we  tacitly  wtderetand  the  smallest  turning  circle  or,  more  precisely,  the 
radius  of  the  turning  circle  at  approximately  35-dog  rudder  angle.  This 
is  represented  nondiaens  ion  ally  as  "rotation**  (Lj/R)^  in  Figure  2.  In 


Figure  2  -  Rudder  Site  and  Turning  Ability  at  a  35-Degree  Rudder  Angle 


contrast  to  the  afowman tinned  directional  stability,  this  radius  of  the 
turning  circle  represents  a  clearly  defined  characteristic  of  every  ship, 
one  which  can  be  controlled  with  relative  ease  and  which  at  least  gives  a 
very  good  clue  for  judging  its  behavior.  In  each  special  case,  it  is 
possible  to  set  else  requimsents  which  can  easily  be  justified.  The 
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situation  la  altogether  different  in  the  cam  of  directional  stability;  not 
even  tho  taperts  have  ofrood  on  tho  definition,  lot  alono  on  the  ‘'correct 
■aMuf*:"  There  is  si*>st»stial  apHggat  as  the  feat  that  a  properly 
deelgped  vessel  nust  have  directional  stability.  However,  even  the  question 
of  whether  a  ship  must  have  %atural"  directional  stability,  i.e.,  not 
require  automatic  pilot,  or  whether  it  any  suffice  to  attain  directional 
stability,  with  the  aid  of  an  automatic  pilot  is  by  no  snans  unanimously 
decided  as  yet. 

Without  doubt,  however,  directional  stability  is  the  most  signifi¬ 
cant  of  all  the  steering  qualities  of  c  ship;  ultimately,  of  course,  a 
ship  mist  first  of  all  be  able  to  keep  a  fixed  course  in  an  economical  way, 
and  the  ability  to  alter  this  course  will  have  to  be  of  secondary  impor¬ 
tance.  With  this  in  adnd,  it  nay  be  aoawwhat  surprising  that  References  10 
end  11  offer  statistical  data  for  the  choice  of  the  rudder  size  as  a 
function  of  the  desired  radius  of  the  turning  circle  (see  Figure  2).  Prob¬ 
ably  the  reason  for  this  procedure,  which  any  not  seen  to  be  altogether 
logical,  consists  solely  in  the  fact  that  the  greater  obviousness  of  the 
radius  of  the  turning  circle  holds  a  certain  attraction  coaq>ar«d  to  di¬ 
rectional  stability.  It  nay  also  be  that  these  procedures  were  originally 
conceived  in  such  a  am  mer  that  for  a  given  ship  with  a  given  rudder 
surface,  the  radius  of  the  turning  circle  to  be  expected  was  to  be  determined 
on  the  basis  of  statistical  data  or  of  adapted  theoretical  considerations; 
see  References  1'  to  14. 

The  diagramr  of  Figures  1  and  2  are  baaed  on  the  above-mentioned 
data,  on  an  additional  personal  report  of  the  Hamburg  Model  Basin  (HSVA)  on 
proven  rudder  sizes  of  trawlers  and  inland  vessels  (self-propelled  vessels), 
and  cn  qualitative  derivations  from  the  underlying  theoretical  principles 
contained  in  Reference  5;  those  diagrams  serve  to  determine  the  rudder  size 
as  a  function  of  the  above  -mentioned  'Wan  breadth-length  ratio" 

F  AlLl,BT  B 

l  v  ■ifff’ii'  T  Lwl 

for  a  specified  constant  or  s  statistical  directional  stability.  Moreover, 
they  serve  to  indicate  the  radii  of  tho  turning  circle  that  are  randonly 
obtained  with  this  selection.  In  addition  the  changes  necessary  in  the 


rudder  an rfaee  (beyond  or  below  tho  also  governed  by  directional  atabil&ty) 
to  at tola  a  corresponding  ohaip  in  tha  radiua  of  Cba  turning  c  lrc la  nay 

A  » A  '  * 

bo  estimated.  Tha  data  of  Polonski,0  Schoanharr,***  and  Lotd>a  4  ara  uaoful 
for  ehla  purpose  and  afro#  my  wall  with  tha  analytical  raaulta  obtained 
by  Sclnitt^  (aaa  Figure  2).  Tha  data  taken  fron  Rafaranca  3  ara  alto- 
gathar  different;  thay  a  how  implicitly  tha  datarnination  of  A^/A^  aa  a 
fine t Ion  of  W/ti^  ,  L^)  and  ara  thua  inauitabla  for  determining  subsequent 
changes  in  tha  ruddar  aiaa.  According  to  Ref erotica  5,  tha  two  curvaa  con¬ 
tain  an  implicit  datarnination  to  tha  effect  that  the  ruddar  aiaa  la  always 
chosen  in  auch  manner  that  tho  directional  stability  barely  vanishes  ao 
that  directional  inatability  prevails.  Moreover,  Figure  2  should  not  be 
uaad  for  values  anallor  than  Ag/A^  “  0.01  and  for  values  (Lj/k)^  greater 
than  approximately  1,2.  In  tha  case  of  ovary  normal  ship,  a  narked  re¬ 
duction  in  the  rudder  surface  toward  sere  by  no  naana  laada  to  a  madam 
rotation  approaching  aero;  oven  without  rudder,  a  finite  turning  circle  la 
still  obtained.  Conversely,  in  the  caaa  of  a  fixed  ruddar  angle  of  35  deg, 
an  arbitrary  increase  in  the  rudder  surface  by  no  naana  produces  a  further 
increase  in  the  obtainable  rotation.  Aa  indicated  in  Reference  5,  a 
rotation  of  approxiamtely  1.2  represents  the  practical  asymptotic  bowdary 
value  for  infinitely  large  rudders. 

In  Figures  1  and  2  tha  rudder  surface  area  is  presented  as  an 
obvious  criterion  both  for  attaining  turning  ability  and  for  attaining 
directional  stability  and  coupled  with  tha  latter  for  insuring  •yaw- 
checking  ability**  for  the  ship  as  wall.  To  be  sura,  thin  is  a  customary, 
but  nevertheless  coarse  simplification  of  tha  actual  relationships.  There¬ 
fore,  it  should  be  expressly  pointed  out  that  tha  dimensioning  of  the  dead- 
wood  in  front  of  the  propeller  and  tha  arrangement  of  find  fins  behind 
the  propeller  are  also  to  be  taken  into  cons  Ida  rat  ion,  both  with  and  with¬ 
out  the  rudder,  if  certain  characteristics  of  the  ship  are  to  be  produced 
or  changed.  Ih  this  connection,  it  should  also  be  pointed  out  that  these 
measures  ara  not  nearly  equivalent.  An  increase  of  tha  deadwood  naans 


Translator’s  note:  Stutafahighart  -  yaw  chocking  ability,  ability  to 
check  awing  of  ship’s  head  by  laying  tha  rudder  to  the  opposite  hand, 
Vaetlng*  ability. 
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—thing  totally  dlf feremt  from  m  inereiH  ia  tha  rudder  araa  or  an 
additional  arrangsmaat  of  flood  fins.  Attention  should  also  bo  eallod  to 
the  danger  of  cutting  swsy  tbs  doadsead  which  is  so  popular  today;  t« 
equivalence  of  too  dsadwood  aroa  and  too  rudder  anl argonaut  with  regard  to 
directional  stability  which  exists  in  the  eaaa  of  a  anooto  aaa  ia  aaaily 
lost  in  a  following  so*,  for  lnataaco.  Ibis  is  oaaily  intanaifiod 

if  too  orooo  of  kool  or  bilge  keels  ore  dinonslonod  with  extras  scantiness 
oa  ia  customary.  It  ia  too  aaaily  for  got  tan  that  tha  koala  not  only  sort* 
to  itdilin  tha  ship  against  rolling  but  also  to  I Improve  directional 
stsbility  by  redneing  toe  possibility  of  naming  off  coursa. 

in  additional  factor  is  iaplicitly  contained  in  the  shore  mentioned 
statistical  end  einplifiad  analytical  results  although  it  is  not  considered 
in  e  refined  fern.  This  is  too  effect  of  too  aspoct  ratio  of  the  rudder 
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toioh  Tories  with  toe  ruddar  else  for  a  given  ship. 

The  retie  of  toe  rudder  hsl^rt  Mg  to  the  draft  T  depends  mostly  on 
the  baale  daaifi  end  lies  in  the  vicinity  of 

(Hg/T)2  -  0.3  to  0.7  to  0.8 

if  classified  statistically  by  types  of  ships* 

If  we  now  exclude  extreme  cases,  e.g.,  old  river  tug  boats  or  old 
sailing  vessels,  then,  according  to  Equation  [1],  we  still  obtain  a  spread 
of  ths  rudder  aspect  ratios  dg  from  0.7  for  short  full  vessels  with  lsrgs 
rudder  areas  ip  to  2.S  lor  long  slander  ships  with  correspondingly  snail 
rudder  areas.  On  the  basis  of  the  aspect  ratio  alone,  however,  the  initial 
efficiency  of  too  rudder  is  almost  tries  as  high  for  a  greater  aspect 
i  cio  so  for  a  nailer  cue.  Tha  smaller  aspoct  ratios,  on  the  other  hand, 
have  approximately  60  percent  higher  efficiency  at  atari  mim  rudder  angle, 
liras  it  will  indeed  be  possible  to  influence  directional  stability  as  well 
os  turning  ability  and  yaw-cheeking  ability  by  the  choice  of  a  rudder 
aspect  ratio.  In  actual  practice,  however,  these  facto  can  b*  utilised 
only  in  the  transition  to  the  multiple-surface  arrangement. 
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Mill*  it  if  true,  00  MMifaW  abort,  that  the  rudder  eopeet  retie 
hee  e  ooaaldarafalo  effect  ea  the  efficiency  ef  the  rudder  (although  from 
m  psrsi?  visual  staadpeist,  it  is  ast  at  all  conspicuous  in  moot  cases), 
the  situation  is  larartly  the  opposite  ee  far  as  the  rudder  profile  ie 
oeaoeraed.  The  profile  deei^i  as  a  rectangular  or  trapeaoidal  rudder  and 
in  eartain  rare  cases  also  aa  aa  angular  (broken)  trapeae  or  as  an  ellipse 
becaaes  ianMdiately  conspicuous  in  nost  cases.  Howver,  the  hydrodynamic 
effect  on  fundanwntal  characteristics  such  as  oourae  keeping  and  turning 
Ability  is  antr—ly  alight.  It  la  sealer  for  such  e  design  to  influence 
the  tendency  of  e  vessel  to  veer  off  course  at  full  speed  ahead  or  at  full 
■peed  astern  when  starting  from  the  at-reat  position.  Obviously,  however, 
this  possibility  Is  not  interesting  enough  to  restrain  the  general  tendency 
toward  the  trepeeoidol  rudder  for  it  is  precisely  the  trapeaoidal  rudder 
which  intensifies  this  tendency  to  veer  off  course  oanparod  to  the  rectan¬ 
gular  rudder  or  even  more  conpared  to  the  rudder  with  the  planfona  of  a 
full  ellipse.  Hydrodynanl colly  speaking,  Moreover,  the  trapeaoidal  rudder 
is  enmeidief  inferior  to  the  rectangular  rudder  because  of  its  unfavorable 
preaenra  distribution.  Superiority  would  bo  obtained  only  for  the  trape- 
aoidel  twin  rudder  whose  igper  edge  would  again  have  to  be  sonewhat  shorter 
than  tha  naTlnwa  rudder  length.  Aren  the  static  advantages  of  the  trape¬ 
zoid  are  overestimated  la  the  case  of  the  spade  rudder  since  the  center  of 
the  application  of  the  force  for  the  bending  non  ant  of  the  rudder  post  is 
aet  located  in  the  oenter  of  gravity  of  the  surface,  but  always  lies 
aoinaadist  below. 

According  to  a  proven  rule  ef  thuab  by  Schrenk,  this  center  lies 
between  the  actual  oenter  of  gravity  ef  the  surface  and  the  canter  of 
gravity  of  the  surface  ef  the  aqnl-area  full  ellipse  of  equal  position  In 
a  vertical  aaaaa  and  height.  Hence,  angered  to  the  rectangular  rudder, 
the  apparent  effect  of  the  bending  nonsnt  reduction  through  the  trapeaoidal 
fans  in  reality  is  only  one-half.  If  this  factor  is  taken  into  account, 
it  is  possible  that  in  nany  cases,  the  aiapler  structural  design  and  the 
assured  hydrodynamic  leprn  meant  in  the  case  of  the  rectangular  rudder 
otl^it  laflanaaa  the  coapranlse  in  this  direction.  Of  course  for  static 
reasons,  the  rectangular  rudder  cells  for  a  greater  relative  profile  thick¬ 
ness  conpared  to  the  trapeaoidal  rudder*  If,  far  instance,  we  start  out 


fro*  a  «r«M*Uil  ratio  of  tbe  lagtk  of  tbo  lwor  edge  to  the 
length  of  tbo  ifnr  edge  of  l/$  ratio  which  la  already  quite  largo, 
than  th*  gjaitwa  rectangular  rudder  fa?—  for  a»  issrsass  Is 
relative  prof 11*  thlchaooa  of  a  llttlo  ©to r  10  paroent,  i.e.,  from  approx¬ 
imately  • /l  »  0.30  for  tbo  trapeaoidal  ruddar  to  1 /L  m  0.2S  for  tbo 
orroopoBdiag  rectangular  ruddar.  fba  toot  data  indicated  la  tills  report, 
however,  are  likely  to  fsror  ouob  aa  iacroaao  la  the  profile  thicknesa . 

In  rnakiag  a  hydrodynamic  coogtariaon  between  trapoaoldal  aad  rec¬ 
tangular  rudder  as  it  la  practically  expressed  la  the  format ion  of  tha 
familiar  coefficient a  for  force  eeapoaaato  aad  moment,  It  moot  be  borne  in 
mind  that  for  the  trapoaoldal  rudder,  tha  "lateral  length"  Is  to  bo  used 
oo  the  length  In  forming  the  nnmonf  coefficient;  this  "lateral  length"  of 
the  rudder  la  obtained  geometrically  simply  from  the  fundamental  relation 


[2] 

[3] 


in  the  oaee  ef  the  trapoaoldal  ruddar.  2h  the  case  of  the  elliptical 
rudder  contour,  it  amounts  to 

fa  tMi  came,  it  will  be  seen  that  fmdmnan tally  the  rectangular  form  must 
always  yield  the  mealier  ruddar  moment  since  the  lateral  lengths  for 
the  trap©  so  id  and  ellipse  always  turn  out  to  be  sonewhat  greater — although 
for  practical  forma  only  sli^ttly  ao— them  the  mean  ruddar  length  which, 
of  course,  is  also  tha  lateral  length  for  the  rectangular  rudder. 

In  addition  to  tha  static  criteria,  the  structural  and  operational 
criteria  alas  determine  the  type  ef  the  rudder  bearings  and  in  turn  the 
choice  of  the  rudder  type  as  well.  Ih  moat  cases,  factors  suca  aa  con¬ 
venient  mssit  ability  and  tha  use  ef  antifriction  bearings  or  aloevetype 
bearings  determine  whether  a  spade  rudder  or  a  aemi-halanced  rudder  is 
chosen.  Although  this  baa  not  yet  bean  taken  into  account  experimentally 
our  attention  is  nerertheleae  directed  to  the  fact  that 


in  this 


$ 


•till  required  la  the  area  of  rudder  design  to 


oonii  Arabia  effort*  ar* 
offset  tha  fmdanantal  hydrodynamic  inferiority  of  tha  aani-balaaoed 
rudder  or  at  laaat  to  nlnlsrl  so  it.  The  other  apodal  rudder  design — 
different  fires  tha  normal  balenced  rudder—,  is  the  one-piece  through 
rudder  with  a  ortlnuouo  guiding  head,  or  eoro  briefly,  the  guide  head 
rudder.  It  haa  recently  lost  seas  of  its  presant-day  significance,  but  it 
offer*  far  greater  possibilities  of  arriving  at  a  hy dr odynaai colly  satis¬ 
factory  dasips  <aee  figure  7). 

All  rudder  fora*  have  in  nnason  the  structural  and  operational 
intareet  in  chaeeiag  the  laoation  of  the  turning  axle  of  the  rudder  in  such 
Meaner  that  far  the  neraal  condition  of  ahead  notion  the  aero  position  of 
the  rudder  with  regard  te  tha  rudder  aomeot  curve  la  a  stable  condition 
in  order  to  avoid  flutter,  noise,  end  additional  bearing  stresses .  Un¬ 
fortunately  it  la  impossible  to  satisfy  these  desires  by  placing  the 
turning  axis  far  in  front  because  in  that  cane  the  rudder  nomuta  increase 
greatly  at  narlism  rudder  angles  and  under  leadings  in  a  seaway.  For¬ 
tunately,  the  effect  of  ths  twist  of  the  slipstream  brings  shout  e  dia- 
plaoenant  of  the  pressure  canter  to  the  rears  this  oust  bo  barns  in  nlnd 
whan  using  neasurenants  without  a  propeller.  Independently  of  this,  how¬ 
ever,  there  is  the  prsfclen,  baaed  on  structural  requirements,  of  develop¬ 
ing  profile  form  which  have  pressure  centers,  that  are  located  aa  far  as 
pees  Ibis  te  the  roar;  this  baa,  in  fact,  been  achieved  to  a  certain  extent 
In  the  case  of  the  mmurunanta  an  newly  developed  profiles  set  forth  in 
this  report,  independently  thereof  or  in  addition  thereto,  experiments 
are  to  he  carried  ferwd  by  taking  "artificial*  measures  such  as  renewal 
by  suction.^ 
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work  te  effectively  dsvelep  good  rudder  farm  should  consider  carefully 
all  structural  regain— if  and  desires  and  be  neoaptime  to  resultant 
suggest  Ians  without  however  adopting  than  directly  as  the  fundamental  cm 


retain  eufficl 


that 


potentially  significant  off  acta  which  later  night  heoone  structurally 
pose ibis  la  mm  andlflad  fora  ant  not  anduded  at  the  beginning.  Net 
only  ronss  that  ore  structurally  possible  and  hydrodynaaaioally  sootd  are 
to  be  presented  oa  the  highlights  ef  a  developnant  far  even  ferae  which 
are  new  oooaidered  structurally  isi  usual  or  which  are  even  hydrodyiisnl  pally 
unsatisfactory  nay  yield  interesting  data  and  thus  lay  the  useful  fear- 
dot  ion  for  further  dewelepaant. 

In  this  test  than,  we  shell  report  not  only  on  the  rudder  with  pro¬ 
file  JfS  56  tt  25  Which  Is  structurally  possible  beeeuae  of  its  thick 
rear  edge  and  which  is  of  an  altogether  ^advanced  design,”  hydrodynsatLoally 
speaking  (the  last  matter  indicates  the  nsnjiwni  relative  thickness  in  per¬ 
cent— see  Figure  11)  hut  on  profile  JfS  62  TR  25  as  well.  Profile  JfS  62 
W  25  is  hydrodynanioally  superior  but  because  of  its  very  thin  trailing 
edge  it  oertalnly  will  not  booone  popular  in  this  form,  structurally 

speaking.  Ivan  the  fora  of  a  thick  plate  (Figure  13)  beveled  in  the  front 

2 

and  rear,  which  an  earlier  investigation  had  shown  to  be  inferior  fren  the 
IflrdrodrnaSl  ff  standpoint,  sad  the  squally  inferior,  newly  im  oatigated 
plats  hew  rudder  JfS  57  W  15  (Figure  12)  shall  not  be  disregarded.  We 
Should  not  ifun  oven  such  crude  faros  as  JfS  59  SR  15  or  JfS  54  HR  15 
<0ttgurs  12)  if  these  even  more  normal  bow  rudder  ferns  are  hydrodynanioally 


rijn  n  3  -  Sadder  Sffect  on  the  Turning  Ship 


Hm  fund —ratal  hydroma  ahaplc  aspects  for  judging  the  quality  of  a 
rudder  must,  of  ooum,  be  furnlahod  by  the  purpoee  which  the  latter  ie 
te  ssm  as  the  ship.  The  beet  results  eat  forth  here  are  imeedlataly 
applicable  to  a  ehip  underway  in  ahead  notion.  Customarily,  euch  data  are 
retarded  aa  decisive  for  all  of  the  purpoeee  the  rudder  ia  to  aocoepliah 
on  the  ehip  although  the  rudder  effect  in  rtr  eight  ^dieed  —tion  is  only 
—it  ary  and  relatively  weak  in  ell  oases.  To  round  out  the  picture,  we 
ehould  also  consider  the  rudder  effect  on  the  turning  ship  (Figure  3) 
which,  after  all,  ia  —re  pronounced  In  —at  caaea. 


figure  3  is  e  schematic  drawing  of  the  hydrodynaai pally  iotereeting 
drift  angle#  at  the  center  of  lateral  resistance  «L  on  the  rudder  aads 
and  for  the  rudder  -c^  deflected  by  -fiR.  The  rudder  forces  are 
represented,  on  the  one  hand,  aa  the  longitudinal  rudder  foroe  X  end  the 


lateral  rudder  foroe  T,  and  the  rudder  shaft  —am nt  M#;  and  on  the  other 
hand,  they  are  represented  as  a  rudder  contribution  to  the  longitudinal 
force  of  the  ship  Xg,  to  the  lateral  force  of  the  ship  V  and  to  the 
yawing  aaweut  about  the  vertical  (normal)  axle  of  the  center  of  lateral 
resistance.  The  rudder  contributions  to  the  transverse  foroe  of  the  ehip 
“4  Mth.  rtU,  «•.  C,  «d  Th. 

effects  of  the  rudder  or  the  ship  as  a  whole  are  the  control  force  1^, 
Which  is  decisive  for  the  contribution  and  Which  thus  brings  about  the 
turning  of  the  ship,  the  rudder  contribution  to  the  drag  power  requirement 


of  the  ship  Hg,  which  is  determinative  for  the  speed  lose  in  the  turning 
circle,  end  finally  the  contribution  to  the  transveree  foroe  of  the  ehip 
Cg,  The  contribution  to  the  transverse  foroe  of  the  ehip  has  only  a  very 
indirect  affect  on  the  at  earing  characteristics  of  the  Ship  Whereat  it  aan 


hardly  be  influenced  independently  of  the  control  force;  hence,  it  ie  not 
given  any  further  attention  in  thia  connection.  From  Figure  3,  it  ia 
easily  possible  to  establish  a  relationship  for  the  control  foroe  with 
force  cafWBta  referred  to  rudder  ease . 


cr*r  ~  cr  ‘  +  «r  - •*•>*«  [5] 

Xn  this  oennecticn,  we  i—ediately  introduce  the  cuetonary  non- 
dimensional  fern;  see  the  Notation.  In  connection  with  the  drag 


IS 


coefficient, >we  have  disregarded  in  Equation  T6]  the  contribution  to  Jhe  „ 
shaft  moment  \(shaft  torque)  M  which  is  insignificant  compared  to  the 
steering  moment  ML. 

*  K 


nr  —  er  "n  (*i  +  —  c.y  ’ c<1<  (*i  +  6n)  — - ’  «r  gr  [6  ] 

According  to  Equation  [5],  when  the  ship  is  moving  straight  ahead, 
Cy^  is  exactly  equal  to  the  transverse  force  coefficient  of  the  rudder  as 
indicated  by  c^  in  Section  F  for  the  test  results  in  wind  tunnels; 
According  to  Equation  [6]  becomes  equal  to  the  rudder  resistance  co¬ 
efficient  Cp  from  Section  F  when  the  ship  moves  straight  ahead.  In  this 
case,  the  oblique  inflow  toward  the  rudder,  quite  generally  designated  as 
e  in  Section  F,  coincides  with  the  angle  of  rudder  deflection  dR.  In 
accordance  with  the  definitions  of  the  symbols  in  the  Notation,  for  a 
positive  rotation  L^/R^  of  the  ship,  the  rudder  angle  in  terms  of  the 
rotation  must  be  regarded  as  negative. 

According  to  Figure  3,  moreover,  we  find  that  for  the  turning  ship, 
the  inflow  at  the  location  of  the  rudder  axis  o&  (which  inflow  is  to  be 
determined  on  a  purely  geometrical  basis)  amounts  to 


tan  *.« 


=  tan  eL  + 


LlIXl 

CO «*i 


[7] 


However,  in  order  to  determine  the  circulation-dependent  rudder 
lift — characterized  by  the  index  "w"  according  to  Equation  [5] — the  hydro- 
dynamically  effective  angle  of  inflow  at  the  rudder  axis  must  be  re¬ 
duced  by  approximating  the  size  of  the  drift  angle  at  the  center  of  lateral 
resistance  e^. 


A  \  Ll  I  «*  ft 


[8] 


Thus,  we  obtain  the  unfortunate  theoretical  result,  which  indeed  is 
supported  experimentally,  that  the  circulation-dependent  so-called  linear 
or  "waterline"  components  of  the  rudder  forces  are  functions  of  the  inflow 
angle  of  the  rudder 
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a*  +  •*««-  - 157r] 


t9] 


whereas  the  so-called  nonlinear  or  ’’frame"  conponenta  of  the  rudder  forces 
remain  flections  of  the  purely  geometrical  inflow  angle  of  the  rudder. 

+  +— j^'isr^r] 

The  msvqidable  consequence  is  that  the  relationship  between  oblique 
inflow  toward  the  rudder  and  rudder  force  conponents  (polar  curve  of  the 
rudder)  varies  somewhat  with  the  rotation  of  the  ship.  It  is  necessary , 
therefore,  that  rudder  measurements  also  be  carried  out  behind  the  turning 
ship  or  ship  model  or  that  the  rudder  measurements  for  the  ship  moving 
straight  ahead  must  be  converted  in  a  certain  way  to  the  turning  circle 
measurement .  To  do  so,  we  can  fall  back  on  the  method  for  computing  non¬ 
linear  rudder  forces  which  is  touched  upon  and  indicated  in  more  detail  in 
Reference  5.  With  sufficient  accuracy,  we  can  neglect  the  effect  on  the 
Cg  required  in  Equations  [5?  'nd  [6].  In  a  simplified  representation,  cy 
is  computed  sat 

«r  *  *  *ju*  •  til  ] 

Thereby,  we  obtain  approximately 

+  *r  =  +  *t  [12] 

and  finally  as  a  correction  formula 


cr  =  Cy  (bei  «  =  c Km)  +  <V  ■  (8« jtw  •  +  *1)  j  -j 

«x  =  ej.  (bei  «  =  eKm) 

In  this  case,  the  coefficient  c  as  a  gradient  of  the  nonlinear 
component  must  also  be  determined  from  the  measurements  for  straight-ahead 
motion.  In  order  to  convert  the  measurements  for  the  ship  in  straight- 
ahead  motion  to  turning  circle  measurements  we  must,  of  course,  also  know 
the  drift  angle  and  the  corresponding  rudder  deflection.  An  absolute 
normalisation  is,  of  course,  impossible  in  this  case.  However,  for  the 
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congtariaona  undertaken  i  >ection  F,  we  have  drawn  upon  data  by  Shiba 
which,  comparatively  speaking,  represent  fairly  good  mean  values  for 
interesting  types  of  merchant  ships >  Therefore,  we  have  used  the  results 
represented  in  Figure  4,  namely,  rudder  angles  with  drift  angles  as  a 
function  of  the  ship  rotation  as  well  as  the  rudder  sise  and  the  fullness 
of  the  displacement . 


Figure  4  -  Relationship  between  Rudder  Angles  6^, 

Drift  Angles  at  the  Center  of  Lateral  Resistance  e^. 

Drift  Angles  on  the  Rudder  Axis  «A,  and  Ship  Rotation  LjA 

Thus,  the  results  of  rudder  tests  are  then  to  be  examined  with  a 
view  to  the  criteria  for  hydrodynamic  quality.  A  great  control  force  and 
a  small  drag  power  requirement  are  the  first  prerequisites  for  ships 
moving  straight  ahead  or  going  into  a  turn.  It  is  true  that  in  actual 
practice  a  high  maximum  transverse  force  is  utilised  during  ship  rotation 
only  if  rudder  angles  exceeding  35  deg  are  used.  However,  when  checking 
the  yaw,  this  characteristic  has  effect  for  almost  every  ship.  Finally, 
we  are  to  develop  the  astern  characteristics  of  the  rudder  to  as  high  a 
degree  as  possible,  both  for  small  rudder  angles  and  for  the  nuuHmmn 
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transverse  force.  Of  course,  the  beet  eetern  cherecterietice  of  a  rudder 
ere  of  no  avail  if  thie  rudder  is  located  so  closely  behind  the  demdwood 
that  in  astern  notion,  the  transverse  flow  toward  the  rudder  produces  a 
counterforce  of  practically  equal  magnitude  on  the  desdwood  thus  alaoat 
completely  cancelling  the  rudder  effect.  However,  the  modem  trend  toward 
larger  propeller  apertures  provides  an  opportunity  to  attain  a  certain 
control  efficiency  in  astern  action  with  rudders  which  have  good  astern 
characteristics . 

D.  ANALYTIC  AND  GRAPHIC  REPRBSBfTATION  OF  PROFILE  FORMS 

From  the  foregoing  considerations,  the  import mice  of  streamlining 
the  rudder  has  developed  into  s  measure  for  obtaining  favorable  rudder 
characteristics  which  may  indeed  be  chosen  rather  freely.  The  structural 
limitations  in  this  case  are  not  <>o  Incisive  as  in  the  choice  of  the 
aspect  ratio,  far  instance.  Surprising  as  it  may  be,  however,  the  materiel 
on  ship  rudder  profiles  scattered  throughout  the  literature  does  not  offer 
a  very  systematic  picture.  Form  systematisation  ia  an  effective  means  of 
utilising  practical  experience  quickly  and  effectively  and  with  statistical 
accuracy;  this  ia  the  more  important,  the  fever  the  quantitative  hydro¬ 
dynamic  investigations  that  are  available. 

In  view  of  this  situation,  it  appears  wise  to  use  the  rudder  pro- 

iq  20 

file  systematisation  *  developed  at  the  Hamburg  Model  Basin  and  the 

18 

Shipbuilding  Institute  and  subsequently  developed  even  further  as  a  basis 
for  this  investigation.  In  Figure  5,  we  proceed  to  show  this  systematised 
notation  for  the  dimensional  ratios— tbs  "outer"  proportions  of  the  pro¬ 
file,  as  it  were— and  the  fora  parameters  of  the  individual  curved 
sections  which  comprise  the  total  profile.  Correspondingly,  the  form 
parameters  might  be  designated  as  the  "inner”  proportions  of  the  profile. 

Figure  6  shows  the  notation  used  for  the  computation  of  the  profile 
contours,  all  of  which  consist  of  polynomials  and  are  split  up  into  so- 
called  influence  functions,  one  such  fwction  being  used  for  each  form 
parameter.  Thereby,  it  is  possible  to  represent  every  conceivable— 
reasonable  and  unreasonable— profile  form  of  a  rudder.  As  an  inevitable 
consequence,  we  also  obtain  the  possilr  analysing  clearly  unusual 
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profile  forms  which  are  graphically  represented  and  of  expressing  the*  by 

corresponding  equations.  This  net hod  (which  has  been  described  in  acre 

detail  in  Reference  20)  also  penaits  the  analysis  of  the  much  acre  difficult 
19 

ship  lines  and  aay  therefore  be  regarded  as  sufficiently  accurate  for 
rudders.  The  guide  head  rudder  shown  as  the  third  fora  in  Figure  7  aay 
serve  to  prove  that  the  aethod  of  clearly  analysing  arbitrary  rudder 
profiles  on  the  basis  of  polynoadals  is  easily  reproducible.  It  is  taken 
froa  Reference  3  where  the  offsets  are  also  indicated.  These  offsets 'are 
coaputed  on  the  basis  of  an  analysis  of  a  saall  workshop  drawing  and  they 
thus  enable  us  to  draw  the  profile  with  great,  hydrodynaaically  effective 
accuracy. 


Figure  5  -  Dimensional  Ratios  and  Profile 
Parameter  of  Rudder  Profiles 

1 


It  should  be  noted,  moreover,  that  the  profiles  are  generally 
correlated  with  so-called  profile  families.  In  that  case,  the  profiles  of 
one  family  essentially  differ  only  in  the  maximum  relative  thickness  which. 
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figure  6  -  Contour  Equation  end  Contour  Parameter  for  tbe 
Representation  of  Rudder  Profiles 


in  aoat  cases,  lies  between  35  snd  20  percent  of  the  total  length  fron  the 
front.  The  relative  navi  nun  thicknesses  r/L  which  are  to  be  considered 
are  obtained  both  fron  available  syatonactic  test  data  which  begin  noatly 
at  bA  "  0.12  (aee  Reference  26)  and  fron  extreme  structural  desires  which 
lend  to  bA  “  0.25.  Most  profile  fanilies  consist  of  sisple  profiles 
whose  entire  related  variations  differ  only  in  the  thickness  ratio  bA* 
Such  fanilies  are  for  instance  the  faniliar  NACA  00  ..  -profiles  and  the 
more  recent  fatally  JfS  58  TR  ..  Honrelated  fanilies  are  the  faniliar 
JoukowsldL  profiles  as  well  as  the  family  JfS  52  TR  ..  and  JfS  62  TR  ... 
fron  the  Shipbuilding  Institute.  A  glance  at  Tables  1  and  2  shown  the 
characteristic  features  of  these  profile  fanilies. 

For  years  profile  development  at  the  Shipbuilding  Institute  has 
always  proceeded  in  such  moaner  that  the  particular  data  of  available  pro¬ 
file  form  are  carefully  examined  with  regard  to  their  relation  with  the 
form  parameters  and  that  all  further  steps  are  derived  fron  this  by  param¬ 
eter  modifications  which  promise  to  yield  results. 
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1.  CMiUM*  AMD  MBG03SX0M  OP  TARIOPS  —  PROTILS  POM 

The  i  nr  ir  leant!  diecueeed  in  this  report  (Section  F)  cover  balanced 
rudder*  only.  However,  there  ie  already  a  need  to  extend  the  esperinaute 


TABUS  1 

Principal  Ibm  Paraentere  of  Fauiliar  Balanced  Rudder  Profile* 
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to  guide  head  rudder  forms  aa  well.  In  any  event ,  a  aui-  ey  of  rudder  pro¬ 
file  form  cannot  disregard  the  profile*  of  the  guide  head  rudders,  in 
Figure  7,  therefore,  we  hare  suanariced  the  guide  bead  profiles  according 
to  References  3,  22,  and  27  which  are  probably  the  moat  familiar  ones  of 
all.  From  the  at endpoint  of  tbs  present  time,  a  continued  development 
would  probably  be  worthwhile  especially  l'or  Seobeck-Oertt  rudders  and  for 
the  HSVA  guide  head  rudder,  particularly  if  hollow  profile  flanks  are 
used. 
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Balanced  rudder  profiles  are  suassariwed  as  profile  sketches  in 
Figures  8  to  11.  Table  3  contains  the  profile  offsets  of  all  of  the  IfS 
rudder  profiles  with  the  exception  of  the  offsets  of  the  IfS  52  TR... 
family  already  published  in  Reference  3.  The  fora  parameters  are  sue- 
auur-i  jjn  th«*i »»  i*»  T^ls  2-  ft*  prissci^il  fsra  rstios  pf 


Figure  7  -  Examples  of  Conasonly  Used 
Profiles  of  Guide -Head  Rudders 

foreign  profiles  ere  indicated  in  Table  1.  Figure  12  shows  the  profiles 
of  bow  rudders  and  Figure  13  the  profile  sections  of  the  plate  rudders 
investigated  or  taken  into  consideration.  In  order  to  demonstrate  more 
clearly  and  graphically  the  development  into  profiles  with  a  relatively 
thick  "nose"  and  a  relatively  flat  "tail*  (which  proved  successful 
according  to  the  experiments  reported  here).  Figure  14  shows  a  greatly 
enlarged  representation  of  the  nose  contours  and  Figure  15  shows  the  tail 
contours  of  the  old  snd  new  balanced  rudders  of  particular  interest  to  us. 

The  rudder  profiles ***  shown  in  Figure  9  are  very  ineffective 

on  the  basis  of  all  practical  experience  and  theoretical  analysis.  In 
spite  of  their  "aesthetic”  contour?,  tie  two  profiles  do  not  exhibit  any 
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Figure  6  -  Co  won  Profiles  of 
Balanced  Rudders  of  15  Percent 
Relative  Thickness 
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Figure  10  ~  Synmetrical  Flow  Pro¬ 
files  from  Familiar  Experimental 
Investigations 


Figure  11  -  The  New  JfS  Balanced' 
Rudder  Profiles 
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Profile  Offset*  of  the  Rudder  Profile*  of  the  Present  JfS  Investigation 
JT8  82  in  10  »  lfS  55  BR  15  1IS  54  BK  Iff 


* 

~r 

9 

*  ’ 

V 

~ 

¥ 

L 

* 

~T 

¥ 

L 

» 

L 

¥ 

TT 

0 

0 

0 

0 

0 

0 

0 

0 

0,00* 

0,0* 

0,0*016 

0.08*74 

Qjfjj 

QfttAA? 

n  ju 
V,V4 

O.uouvD 

0,0  iO 

046 

0,0006* 

0,06104 

0.6*8 

6,6*842 

0.0* 

0,040*1 

o.ojo 

0,1 

0,0406* 

0,00614 

0,06 

0,08960 

0.06 

0,06814 

0,0*0 

04 

0,06*01 

0,06886 

0,10 

0.04800 

0.10 

0.01676 

0.000 

o,n 

0,00045 

0,10075 

0,16 

0.03880 

0.15 

0,0*768 

0,000 

0,4 

0,06640 

0,10*16 

040 

0,00000 

0,90 

0,0*170 

0,1*0 

04 

0,0714* 

0.11*16 

040 

0,06674 

045 

0,08481 

0.100 

04 

0,074*4 

0,1*874 

0,40 

0,0784* 

0.80 

0.04406 

040© 

1.0 

0,07800 

0,18500 

0,80 

0,07800 

046 

0,0667* 

0,40 

0.06781 

.r-n 

0.46 

0,07888 

* 

0,80 

0,07800 

0400 

0 

0,07800 

0,18500 

0,S7S 

0,1 

0,07*71 

0,1*116 

04M 

04 

0,0663* 

0,11090 

0,4*5 

0,* 

0,06670 

0,00878 

0400 

04 

0,04847 

0,07490 

0475 

04 

o,osau 

0,06406 

0,060 

04 

0.0*168 

0,0*660 

0,7*6 

0,7 

0,018*1 

0.0*180 

0400 

04 

0,010*1 

0,01*31 

0,876 

04 

0.0076* 

0.00810 

0460 

1,0 

0,00780 

0.00780 

1,000 

0,60780 

0,00780 

US  59  BR  IS  lfS  57  BR  15 


m 

X  j 

¥ 

JT 

¥ 

L 

*»*  1 

T 

~r  l 

~r 

0 

0 

0 

0 

0,00750 

0,006*6 

0,0* 

0,00958 

0,05 

0.00999 

0,00*41 

0,06 

0,01505 

0,10 

0.01452 

0,00468 

0,10 

0,02101 

0,15 

0,0*188 

0,00*64 

040 

0,0*898 

040 

0,09196 

0,01446 

0,90 

0,08448 

0,25 

0,04125 

0.01*98 

0,40 

0,08857 

0.90 

0.05124 

0,028*8 

0,00 

0,04419 

0,35 

0,00042 

0,03857 

0,90 

0,04724 

0,40 

0,06798 

0.048*1 

1,00 

0,04821 

0,45 

0,07911 

0.80 

0,07500 

*~*b»  1 

0,046*1 

0 

0,04821 

0,06817 

0,'l 

0,04682 

0,07818 

04 

0,04211 

0,10806 

0,4 

0,08382 

0,18707 

0.0 

0,02702 

0,16798 

0,8 

0,02516 

0,19781 

1,0 

0,02500 

•»-**» 

0,1*781 

0 

0,0*800 

048688 

04 

0,03687 

04196* 

0,4 

0,08896 

047*1* 

0,6 

0,04876 

0.48*06 

04 

0,06596 

0.46678 

«4 

0,07*99 

040600 

14 

0,07500 
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Table  3  Continued 


JfS  68  TR  15  25  JfS  61 TR  16  25 


X 

L 

X 

It 

V 

L 

V 

L 

X 

L 

X 

n 

V 

L 

V 

L 

0 

0 

0 

0 

0 

0 

0 

0 

0,0050 

0,02 

0,02025 

0,03374 

0,004 

0,02 

0,02025 

0,03374 

0,1025 

0,05 

0,03062 

0,05104 

0,010 

0,05 

0,03062 

0,05104 

0,0250 

0,1 

0,04089 

0,06814 

0,020 

0,1 

0,04089 

0,06814 

0,0500 

0,2 

0,05301 

0,08835 

0,040 

0,2 

0,05301 

0,08835 

0,0750 

0,3 

0,06045 

0,10075 

0,060 

0,3 

0,06045 

0,10075 

0,1000 

0,4 

0,06550 

0,10916 

0,080 

0,4 

.0,06549 

0,10916 

0,1600 

0,6 

0,07149 

0,11915 

0,120 

0,6 

0,07149 

0,11915 

0,2000 

0,8 

0,07425 

0,12374 

0,160 

0,8 

0,07424 

0,12374 

0,2500 

1,0 

0,07500 

0,12500 

0,200 

1.0 

0,07500 

0,12500 

x-n 

• 

8 

0,2500 

0 

0,07500 

0,12600 

0,200 

0 

0,07500 

0,12500 

0,3150 

0,1 

0,07366 

0,12277 

0,270 

0,1 

0,07300 

0,12166 

0,3800 

0,2 

0,06922 

0,11536 

0,340 

0,2 

0,06734 

0,11224 

0,4460 

0,3 

0,06174 

0,10290 

0,410 

0,3 

0,05891 

0,09819 

0,5100 

0,4 

0,05206 

0,08677 

0,480 

0,4 

0,04890 

0,08149 

0,5750 

0,5 

0,04148 

0,06913 

0,550 

0,5 

0,03862 

0,06437 

0,6400 

0,6 

0,03145 

0,05242 

0,620 

0,6 

0,02934 

0.04890 

0,7050 

0,7 

0,02330 

0,03882 

0,690 

0,7 

0,02209 

0,03681 

0,7700 

0,8 

0,0*790 

0,02983 

0,760 

0,8 

0,01743 

0,02905 

0,8350 

0,9 

0,01542 

0,02570 

0,830 

0,9 

0,01535 

0,02558 

0,9000 

1,0 

0,01600 

0,02500 

0,900 

1,0 

0,01500 

0,02500 

1,0000 

0,01500 

0,02500 

1,000 

0,01500 

0,02500 

Figure  15  -  Tail  Contours  of  Several  Balanced  Rudder  Profiles 
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great  performances  In  the  experiments  carried  out  in  the  place  cited. 
Conversely,  profile  TMB  075  075  15  which  is  a  fairly  primitive  design  (con¬ 
sisting  only  of  a  leading-edge  circle  and  two  tangent  straight  profile 

flanks)  shows  t airly  good  results  if  the  Reynolds  numbers  are  sufficiently 
25 

large.  The  good  characteristics  with  respect  to  astern  motion  proved 
their  worth  even  at  the  smaller  Reynolds  numbers  of  the  JfS-  investigation. 
Therefore,  the  TMB  profile  is  included  in  Figure  8  as  well  as  in  Figures 
14  and  15. 


F.  SUPPLEMENTARY  WIND-TUNNEL  TESTS 

Our  published  literature  does  not  contain  an  excessively  large 

number  of  special  and  systematic  tests  with  free-running  ship  rudders. 

Not  very  much  new  material  has  been  published  since  a  summary  of  such  test 

26 

results  was  made  in  1955.  Now  that  it  has  become  pretty  clear  what  the 
fundamental  influence  of  the  aspect  ratio  and  Reynolds  number  amounts  to 
(see  Figures  44  and  45  in  this  connection),  the  need  has  arisen  for  carry¬ 
ing  out  comparative  profile  investigations.  The  fact  that  the  profiles  of 
the  NACA  00..  series  which,  after  all,  had  originally  been  intended  for 
other  purposes  in  the  field  of  aeronautics,  suggested  the  question  whether 
it  might  not  be  possible  to  produce  even  more  suitable  profiles  for  use  as 
ship  rudders.  Thus,  new  profile  forms  were  produced  at  the  Shipbuilding 
Institute  which,  nowever,  were  not  yet  sufficiently  verified  experimentally 

although,  on  occasion,  they  had  already  been  used  for  comparative 
1  22  30 

tests  *  *  and  have  found  practical  application  as  well. 


Figure  16  -  Rudder  Models  Tested  in  the 
Wind  Tumely  Aspect  Ratio  Ap  =  1 
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Figure  17  -  Test  Setup  in  the  Former  JfS 
Wind  Tunnel  at  the  Hamburg  Engineering  Institute 


For  the  supplementary  tests  which  appeared  to  be  necessary  in  view 

of  the  influence  of  profile  forms,  the  following  JfS  profiles  newly 

developed  in  recent  years  were  used: 

Balanced-rudder  profiles  JfS  58  TR  15 

25 

JfS  61  TR  25 
JfS  62  TR  25 


Bow-rudder  profiles  JfS  54  BR  15 

JfS  29  BR  15 
JfS  57  BR  15 


For  purposes  of  comparison,  the  following  profiles  were  investi¬ 


gated: 

Balanced-rudder  profiles  TMB  075  075  15 

NASA  00  15 
25 

Bow-rudder  profile  JfS  55  BR  15  (ellipse) 

Plate  rudder  B/L  =  0.015 

0.03 

0.05 

0.07 


The  large  number  of  tests  were  carried  out  in  the  wind  tunnel  of 
the  Hamburg  Engineering  Institute  (formerly  JfS  Wind  Tunnel) .  Figures  16 
and  17  indicate  the  models  and  test  setup  used.  All  of  the  models  had  a 
square  planform  of  0.4  X  0.4  m.  The  slipstream  cross  section  had  a  diameter 


of  1  b  so  that  a  tank  blockage  of  Aj^/Ag  *  0.204  was  obtained.  As  a  scale 

for  these  measurements  we  used  a  flexible-joint  spring  balance  with 

electrical  metering  elements,  which  is  also  suitable  for  tank  experiments. 

The  testing  path  is  practically  zero  so  that  it  is  not  necessary  to  make 

any  geometrical  correction  for  the  rudder  angle.  The  capacity  of  the 

tunnel  permitted  a  Reynolds  number  of  approximately  0.8  x  10^.  Several 

characteristic  values  for  the  profiles  were  investigated  to  obtain  a  clue 

to  their  dependence  on  the  characteristic  in  question.  By  way  of 

supplementing  these  tests,  we  also  carried  out  experiments  in  a  slipstream 

diameteKof  0.5  m  with  the  profiles  NACA  0015  and  JfS  58  TR  15  with  models 

of  0.1  X  0.1  m.  Thereby,  for  a  tunnel  blockage  of  A^/Ag  m  0.0501,  a 

Reynolds  number  of  approximately  0.13  x  106  was  included  as  the  minimum. 

The  rudder  measuring  device  for  small  ship  models  as  used  for  the  small 

2 

rudders  of  the  investigation  served  as  a  wind-tunnel  scale. 

All  of  the  data  obtained  are  included  in  Tables  4-18  in  the  form  of 
the  familiar  coefficients  c^,  for  the  transverse  force,  cD  for  the 
resistance,  c^  for  the  lateral  force,  c^  for  he  longitudinal  force,  and 
c^  f°r  the  moment  about  an  imaginary  turning  axis  referred  to  the  L/4 
point  of  the  rudder  length.  As  examples  for  the  graphical  representation. 
Figures  18  to  39  show- these  coefficients  as  a  function  of  the  angle  of 
attack  c.  In  doing  so,  we  have  generally  represented  the  largest  of  the 
Reynolds  numbers  investigated.  In  the  case  of  the  profiles  designated  as 
bow  rudders,  we  have  measured  and  plotted  the  moment  coefficient  which 
represents  in  nondimensional  form  the  moment  referred  to  the  center  of  the 
rudder  length  rather  than  plotting  the  coefficient  c^,25.  These  bow 
rudders  and  the  plats  with  B/L  =0.05  were  provided  with  a  shaft  at  L^/2 
for  mounting  support  on  the  scale  (all  the  other  rudders  had  the  shaft  at 
L^/4  from  the  front).  A  rod  correction  for  this  rudder  shaft  was  deducted 
from  the  measured  resistance.  No  further  corrections  were  made  since  at 
the  time  the  measurements  were  undertaken  no  sufficiently  reliable  pro¬ 
cedures  had  yet  been  worked  out  for  correcting  the  wind  tunnel  measurements 
of  rudder  surfaces  with  small  aspect  ratios.  Since  it  is  a  fact,  on  the 
other  hand  (see  Reference  26)  that  the  use  of  the  wind  tunnel  corrections 
for  measurements  on  airfoils  (hydrofoils)  with  larger  aspect  ratios  would 
le_d  to  an  undercorrection  for  the  transverse  force  maximum  in  the  case  of 
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rudders  with  an  aspect  ratio  of  1  and  to  an  overcorrection  within  the 
remaining  range,  the  Method  used  here  probably  represents  the  lesser  of 
two  evils.  In  any  event,  the  omission  of  the  correction  is  of  minor  im¬ 
portance  for  coa«>aring  the  profile  forms  investigated  here. 

However,  if  we  compare  the  data  with  foreign  measurements,  as  in 
Figures  44  and  45,  for  instance,  this  factor  should  be  borne  in  mind.  The 
foreign  measurements  used  in  these  figures  are  all  corrected  in  the  usual 
manner;  that  is  to  say  that  the  transverse  forces  are  somewhat  too  low 
in  the  case  of  the  maximum  transverse  force  and  otherwise  somewhat  too 
high.  However,  since  the  tunnel  blockages  are  lower  there  for  the  most 
part,  than  in  the  case  of  the  JfS  measurements  with  the  0.4  m  rudders,  the 
correction?  are  not  so  great  either  and  therefore  they  cannot  be  decisive 
for  the  quality  of  the  comparison  with  the  new  measurements. 

As  for  the  rest,  the  results  of  the  measurements  have  been  repre¬ 
sented  exactly  as  they  have  been  measured  geometrically.  In  doing  so,  we 
have  used  the  definitions  which  have  been  recommended  by  the  International 
Towing  Tank  Conference  (ITTC).  Thus,  in  each  case  a  clockwise  moment— 
clockwise  as  seen  from  above — is  figured  positive.  The  resistance  is 
always  calculated  positive  in  the  direction  of  the  relative  flow.  The 
longitudinal  force  is  figured  positive  in  the  direction  from  the  profile 
center  toward  the  nose  of  the  profile.  The  lateral  force,  accordingly,  is 
figured  positive  at  a  right  angle  toward  the  right  starting  from  the 
positive  x-direction.  It  should  be  borne  in  mind  especially  that  the 
transverse  force  is  figured  positive  to  the  right — always  seen  contrary 
to  the  relative  flow— and  that  a  positive  angle  of  flow  always  results 
from  a  rotation  which  is  positive  in  the  direction  of  the  moment .  Thus , 
for  instance,  all  of  the  measurements  for  astern  motion  indicated  here 
have  been  measured  and  represented  with  flow  angles  between  180  and  90  deg. 

We  decided  not  to  undertake  here  a  comparative  tabulation  of  pre¬ 
cise  force  coefficients  of  the  individual  profiles.  In  most  cases,  the 
performance  differences  of  the  various  profiles  are  obvious  enough  in  the 
figures.  Thus,  the  greatest  transverse  force  coefficient  measured  was 
1.478  for  the  JfS  62  TR  25  profile  and  the  lowest  transverse  force  maximum 
of  the  balanced-rudder  profiles  was  0.88  for  the  TMB  075  075  15  profile  if 
the  Reynolds  number  was  equally  high.  In  astern  motion,  however,  the  TMB 
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075  075  15  profile  with  c_  „  m  1.115  is  the  beet  of  thefld  profiles 
whereas  the  NACA  profile  0025  yields  the  poorest  value,  that  is,  0.908. 

Among  the  bow  rudders,  jfS  57  BR  15  is  best  (Maximum  transverse  force  of 
1.03)  and  the  elliptical  profile  JfS  55  BR  15  is  the  worst  (maximum 
transverse  force  of  0.743).  For  the  purpose  of  carrying  out  a  curve  com¬ 
parison,  exact  profiles  have  been  selected.  As  for  the  effectiveness  at 
smaller  rudder  angles.  Figure  40  shows  that  the  JfS  62  TR  15  profile  is 
particularly  good  and  the  figure  also  shows  the  relatively  good  position 
of  the  two  JfS  58  TR  profiles.  Figure  41  indicates  the  balancing 
possibility  for  the  new  JfS  profiles,  clearly  an  improvement  over  the  NACA 
profiles;  the  turning  axis  may  lie  farther  back  without  risking  any  danger 
of  overbalance.  The  form  of  the  familiar  polar  curves  (Figure  42) 
indicates  the  effectiveness  and  the  drag  power  requirement,  especially  at 
larger  angles. 

Profile  JfS  58  TR  25  whose  practical  application  is  sturdy  in  form  and 
performs  very  well;  Figure  43  compares  the  polar  curves  in  straight -ahead 
motion  and  motion  along  the  turning  circle  with  «  O.5.  In  doing  so, 

we  have  made  the  conversions  starting  out  from  the  straight-ahead  motion 
and  using  Equations  [5]  to  [13].  In  this  case,  we  have  introduced  a  drift 


angle  on  the  ship  6L  -  11  deg  (see  Figure  4)  as  well  as  a  standard  value 
.jy2  and  a  (value)  cge  =  1.0  as  it  may  be  derived  from  Figure 
40  with  the  aid  of  the  method  of  Reference  26.  This  cautious  method  of 


estimating  the  rudder  effect  when  turning  and  when  checking  the  yaw  in  the 
turning  circle  already  confirms  the  empirical  fact  that  the  drag  power 
requirement  is  greater  when  checking  the  yaw  than  when  turning.  By  way  of 
supplementing  the  above  data.  Table  19  lists  several  comparative  values 
for  the  control  force  and  the  drag  power  requirement  for  various  profiles 
at  a  35  deg  rudder  angle,  both  in  straight-ahead  motion  and  in  motion  along 
the  turning  circle.  The  method  of  calculation  is  the  same  as  for  Figure 
43.  Note  that  the  superiority  of  the  more  recent  profiles  over  the  NACA 
profiles  is  also  retained  in  the  turning  circle. 

Figures  44  and  45  serve  to  compare  foreign  measurements  and  to 
illustrate  the  influence  of  the  aspect  ratio  and  Reynolds  number.  The 
results  are  in  line  with  the  general  trend;  thus  there  is  every  indication 
that  the  cooqsarable  results  obtained  here  will  remain  valid  even  if  the 
Reynolds  numbers  are  extended  further  and  if  other  aspects  ratios  are  used. 
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TABLE  4 

Test  Results  for  TMB  075  075  15 


Re  =  0,38  ■  10*  Re  =»  0,56  •  10* 


cC 

rp 

er 

CX 

e*.H 

Cc 

CP 

er 

rX 

-  2 

—0,069 

0,040 

—0,058 

-0,038 

0,002 

-  2 

-0,052 

0,038 

-0,053 

-0.036 

-0,002 

0 

0 

0,040 

0,000 

-0,040 

0 

0 

0 

0,031 

0 

-0,031 

-0,001 

2 

0,060 

0,040 

0,051 

-0,038 

0,002 

2 

0,052 

0,033 

0.053 

-0,031 

0,004 

ft 

0,134 

0,00ft 

0,130 

-0,053 

-0,008 

ft 

0,130 

0,054 

0.135 

-0,043 

-0,004 

10 

0.271 

0,106 

0.288 

-0,001 

-0,037 

10 

0,291 

0,111 

0405 

-0,059 

-0,034 

IS 

0.438 

0,170 

0,489 

-0,000 

-0,071 

15 

0,435 

0,175 

0,405 

-0,056 

-0.069 

20 

0.682 

0.259 

0,617 

-0,051 

-0,106 

20 

0,567 

0,202 

0,023 

-0,052 

-0,013 

2ft 

0,082 

0,303 

0,753 

-0,049 

-0,129 

2ft 

0,087 

0,357 

0,758 

-0,042 

-0,131 

30 

0.776 

0,482 

0,913 

-0,029 

-0,153 

30 

0,776 

0,475 

0,910 

-0,023 

-0.150 

3ft 

0,851 

0,002 

1,042 

-0,005 

-0,176 

3A 

0,847 

0,603 

1,040 

-0,008 

-0.173 

40 

0.858 

0,682 

1,093 

0,028 

-0,183 

40 

0,861 

0,700 

1,110 

0,018 

-0,189 

41 

0,806 

0,672 

1,049 

0,021 

-0,181 

43 

0,743 

0,878 

1,000 

0,011 

-0,175 

42 

0,756 

0,682 

1,019 

-0,001 

-0,181 

44 

0,719 

0.667 

0,981 

0.019 

-0,169 

4ft 

0.082 

0,602 

0,957 

-0,021 

-0,174 

4ft 

0,716 

0,872 

0,981 

0,031 

-0,164 

ftO 

0,042 

0.726 

0,969 

0,020 

-0,176 

30 

0,648 

0,719 

0,967 

0,034 

-0,172 

6ft 

0,577 

0.798 

0.960 

0,040 

-0,176 

55 

0,582 

0,755 

0,952 

0,044 

-0,175 

00 

0,602 

0,786 

0,931 

0,042 

-0,178 

60 

0,502 

0,786 

0,914 

0,052 

-0,173 

70 

0.348 

0,806 

0,876 

0,051 

-0,181 

70 

0,350 

0,792 

0,805 

0,058 

-0,176 

80 

0,228 

0,881 

0,908 

0,073 

—0,215 

80 

0425 

0,873 

0,899 

0,071 

-0412 

oo{ 

0,080 

0,980 

0,980 

0,090 

-0461 

90 

0,097 

0.972 

0,972 

0,097 

-0,258 

Re  = 

0,89  ■  10* 

ASTERN  MOTION  Re  =  0,56  •  10* 

Cc 

CD 

*V 

fX 

180” 

-i” 

Cc 

CD 

«T 

rX 

-  2 

-0,058 

0,033 

-0,059 

-0,030 

-0,002 

0 

-0,010 

0,057 

0,010 

0,057 

-0,050 

0 

0 

0,030 

0 

-0,030 

0 

5 

-0,182 

0,073 

0,188 

0,057 

-0,073 

2 
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-0,028 

0,003 

10 

-0,336 

0,121 
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-0,148 

ft 
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0,058 
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-0,046 

-0,001 

15 

-0,532 

0,213 

0,569 

0,068 
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10 

0.294 
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0409 

-0.055 
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20 
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0.772 
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1ft 

0,441 

0,182 

0,473 

-0,062 

-0,069 

25 

-0,885 

0,466 

0,999 

0.052 

-0,387 

20 

0475 

0480 

0,629 

-0,047 

-0,102 

30 

-1,033- 

0,634 

1411 

0,032 

-0,429 

25 

0,670 

0,381 

0,760 

-0,044 

-0,122 

35 

-1,104 

0,811 

1,370 

0,031 

-0,467 

30 

0,780 

0,491 

0,921 

-0,035 

-0.154 

40 

—  1.08ft 

0  979 

1,4*4 

0,041 

-0,483 

3n 

0,856 

0,617 

1,05'j 

-0,014 

-0,178 

45 

-1,022 

1,081 

1,487 

0,041 

-0,473 

40 

0,882 

0,715 

1,120 

0,007 

-0,194 

80 

-0,624 

0,861 

1,062 

0,076 

-0,341 

41 

0,824 

0,694 

1,077 

0,016 

-0,184 

55 

-0,539 

0,910 

1,054 

0,080 

-0,335 

42 

0,772 

0,680 

1,029 

0,012 

-  9,178 

60 

-0,447 

0,942 

1,040 

0.084 

-0,324 

45 

0,717 

0.686 

0,992 

0,022 

-0,171 

70 

-0472 

0,996 
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-0,331 

HI 

0,477 

0.7M 

n,*3i 

0,011 

0.147 

W 

0,003 

0,11110 

0.000 

0,003 

-0,271 

7* 

o.saa 

0.417 

0,474 

o.nea 

0,144 

M 

0,213 

0.033 

0,946 

0.050 

0,230 

• 

w 

0,051 

1,1410 

1.000 

O.04S 

0,344 

Hr 

11,70  10* 

ASTCR 

N  MOTIOI 

4  Re  » 

40  10* 

jJ 

'c 

cu 

r» 

rX 

9  .** 

hmt 

Cc 

r9 

Cy 

r\ 

**  * 

ROM 

0.4133 

0,41541 

0,031 

0.4101 

41 

0 

0,042 

0 

0,4152 

0 

0 

0 

«Utt* 

0 

0.034 

41 

5 

0,132 

O.OM3 

0.137 

(1,4150 

0,043 

t 

It.INNl 

0.033 

0.083 

0.030 

0 

10 

0,273 

0.083 

0,384 

0,044 

0.137 

5 

0,141 

0,034 

0,104 

*1,030 

0,001 

15 

0,557 

41.190 

41,5741 

<1.4151 

0,233 

to 

0,322 

41,4153 

0327 

0.1  Ml 

<M>UI 

20 

— 0,444  N 

0,388 

0,707 

0,047 

0,341 

15 

0..VMI 

0,4*94 

0,54  IN 

0,1135 

0,007 

25 

0.771 

0,403 

0,1*08 

0.838 

0,313 

30 

0,«7« 

0.1*41 

0.4W0 

41,4173 

<>,<123 

30 

-41.952 

0,438 

1.0*41 

0.017 

41,415 

25 

H.HH7 

0.383 

0.847 

0,129 

41,040 

33, 

1.4159 

0.733 

1,284 

0,4*15 

0,483 

30 

1,051 

*1,347 

1.104 

41.191 

0,074 

40 

1.114 

0,884 

1,433 

0,037 

*1,484 

35 

1,1411 

<1,477 

1,320 

0.223 

0,100 

43, 

I.0H9 

1,043 

1.482 

41.0 19 

<1,408 

34 

1,143 

0,313 

1.205 

0,237 

0.IU* 

•81 

41,810 

0,831 

1,(01 

41,4941 

0,333 

Xi 

0,4*11 

41.4137 

I.OH5 

0,011 

0,1  HH 

55 

41.525 

II.94W 

1,012 

0,009 

0.342 

40 

<U*m 

0,762 

1,144 

0.001 

0,21*1 

HO 

0,445 

0,033 

1.023 

0.1417 

0,339 

45 

0,740 

0,738 

1.039 

41,01  IN 

41.191 

70 

4I.2NO 

0,088 

1.038 

0.073 

0,525 

50 

0,4*30 

11.768 

0.4*0 

4I.4MM 

0,|«» 

Ml 

o.HI 

1,4115 

1.018 

(MNNi 

0.297 

55 

0,570 

*1,783 

O.W73 

41.4121 

0,184 

911 

H  0,002 

41,4194 

0,884 

4 1,4  M2 

0.308 

INI 

0,49* 

0.401 

0,940 

41.4*25 

0,183 

70 

H.529 

0.411 

4I.H75 

0.4132 

0,1  NO 

Nil 

0414 

0.413 

0,837 

41,4155 

41,2241 

»t 

O.IW2 

41,99k 

0,119* 

41,4912 

0.2m 

35 


TABLE  8 

Test  Results  for  JfS  58  TR  25 


0,86  10* 


Re  .  0.67  10* 


0, 
0, 
0, 
0, 
0, 
0, 
0, 
0, 

0,169  -0, 
0,999  -0, 
0,277  -0. 
0,939 
0,007 
-0.011 
0,027 
3,027 
0,098 
0,067 
0,069 
0,009 


0,096  0,091 


ASTERN  MOTION  Re  0,86  •  10* 


-0.089 

0,047 

0 

0.049 

0,062 

0,044 

0,149 

0,080 

0,919 

0,076 

0,188 

0.123 

0,000 

0,191 

0.844 

0^88 

1,022 

0,411 

1,306 

0,558 

1,924 

0.711 

1,410 

0,877 

1,416 

0,906 

1,491 

0,941 

1,448 

0,971 

0.684 

0,786 

0,649 

0.741 

0,890 

0,788 

0,890 

0.809 

0^77 

0,821 

0.259 

0.875 

0,108 

0,954 

rc 

CD  \ 

Cy 

eX 

0,052 


TABLE  9 


Test  Results  for  JfS  61  TR  25 


Re  —  0,56  •  10*  Re  =  0,70  10* 


JlJ 

«l c 

eD 

er 

cx 

C.W.,, 

ec 

cD 

Cy 

'X 

CM,n 

1 

-  2 

-0,064 

0,052 

-0,056 

-0,(050 

0,008 

-  2 

—  0,058 

0,060 

-0,068 

-0,048 

0,006 

0 

G 

0,047 

0 

-0,047 

0,004 

0 

0 

0,049 

0 

-0,049 

-0,004 

2 

c.nea 

0,050 

0,068 

-0,047 

0,004 

5 

0,16 1 

0,064 

0.165 

-0,040 

0,004 

2 

0,062 

0,050 

0,064 

-0,048 

0,004 

10 

0,317 

0,083 

0,326 

-0,027 

-0,002 

5 

0,161 

0,068 

0,166 

-0,043 

0,003 

16 

0.501 

0,133 

0,516 

0,002 

-0,014 

10 

0,323 

0,084 

0,333 

-0,027 

-0,002 

20 

0,676 

0,203 

0,704 

0,040 

-0,033 

15 

0,509 

0,130 

0,626 

0,006 

-0,015 

26 

0,866 

0,307 

0,915 

0,088 

-0,068 

20 

0,692 

0.204 

0,719 

0,046 

-0,034 

30 

(.069 

0,442 

1,137 

0,147 

-0,094 

25 

0,873 

0,300 

0,921 

0,089 

-0,068 

31 

1,083 

0,4/6 

1,174 

0,161 

-0,102 

30 

1,047 

0,437 

1,126 

0,146 

-0,091 

32 

1,131 

0,508 

1,227 

0,170 

-0,109 

36 

1,231 

0,698 

1,362 

0,216 

-0,132 

33 

1,166 

0,639 

1,270 

0,183 

-0,118 

36 

1,254 

0,636 

1,388 

0,222 

-0,139 

34 

1,188 

0,672 

1,305 

0,190 

-0,127 

37 

1,269 

0,658 

1,409 

0,238 

-0,142 

26 

0,780 

0,638 

1,005 

-0,074 

-0,191 

38 

1,292 

0,691 

1,444 

0,260 

-0,150 

40 

0,799 

0,723 

1,077 

-0,040 

-0,203 

39 

0,801 

0,710 

1,069 

-0,048 

-0,202 

46 

0,691 

0,717 

0,996 

-0,018 

-0,191 

40 

0,796 

0,726 

1,075 

-0,044 

-0,206 

60 

0,633 

0,766 

0,985 

-0,001 

-0,196 

46 

0,707 

0,736 

1,021 

-0,021 

-0,201 

66 

0,579 

0,780 

0,970 

0.027 

-0,194 

60 

0,640 

0,766 

0,990 

0,004 

-0,195 

60 

0,606 

0,808 

0,953 

0,034 

-0,200 

56 

0,599 

0,783 

0,984 

0,042 

-0,197 

70 

0,366 

0,818 

0,890 

0,053 

-0,194 

60 

0,612 

0,806 

0,964 

0,041 

-0,200 

HO 

0,229 

0,880 

0,907 

0,072 

-0,224 

70 

0,366 

0,807 

0,884 

0,067 

-0,195 

90 

0.104 

0,963 

0.963 

0,104 

-0.263 

80 

0,226 

0,884 

0,909 

0,069 

-0,227 

90 

0,101 

0,953 

0,963 

0,101 

-0,259 

Re  = 

0,79  ■  10* 

ASTERN  MOTION  Re  =  0.56  10* 

'C 

cD 

« r 

CX 

eM.„ 

180° 

cc 

CD 

eX 

CM.u 

-  2 

-0,058 

0,047 

-0,060 

-0,045 

0,004 

0 

1-0,005 

0,086 

-0,006 

0,088 

0,001 

0 

0 

0,046 

0 

-0,046 

0,003 

5 

-0,142 

0,102 

0,160 

0,089 

-0,077 

2 

0,060 

0.047 

0,061 

-0,045 

0,004 

10 

-0,298 

0,149 

0,319 

0,095 

-0,153 

5 

0,147 

0,051 

0,151 

-0,038 

0,002 

16 

-0,444 

0,222 

0,486 

0,099 

-0,219 

10 

0,322 

0,078 

0,330 

-0,0i9 

—0,002 

20 

-0,962 

0,376 

0,751 

0,127 

-0,281 

16 

0,496 

0,126 

0,511 

0,007 

-0,014 

25 

-0,771 

0,475 

0,900 

0,105 

-0,333 

20 

0,678 

0,192 

0,703 

0,062 

-0,031 

30 

-0,894 

0,693 

1,071 

0,066 

-0.412 

26 

0.866 

0.296 

0,600 

0,095 

-0,057 

35 

-0,856 

0,709 

1,189 

0,033 

-0,436 

30 

1,037 

0,422 

1,109 

0,154 

-0,087 

40 

-0,999 

0,870 

1,324 

0,024 

-0,466 

38 

1,213 

0,578 

1.325 

0,223 

-0,126 

46 

-0,638 

0,728 

0„  ) 

0,064 

-0,342 

40 

1,327 

0,732 

1,487 

0,292 

-0,164 

50 

-0,596 

0,820 

1,011 

0,070 

-0,349 

41 

1,342 

0,731 

1,083 

-0,027 

-0,208 

55 

-0,602 

0,880 

1,009 

0,094 

-0,345 

46 

0,720 

0,728 

1,024 

-0,006 

-0,200 

60 

-0,413 

0,910 

0,996 

0,093 

-0,332 

80 

0,648 

0,738 

0,980 

0,021 

-0,195 

70 

-0,248 

0,967 

0,994 

0,098 

-0,313 

66 

0,602 

0,795 

0.996 

0,037 

-0,204 

80 

-0,078 

0,995 

0,994 

0,096 

-0,294 

60 

0,630 

0,810 

0,966 

0,054 

-0201 

90 

-0,104 

0,963 

0,963 

0,104 

-0,265 

70 

0,377 

0,618 

0,898 

0,074 

-0,198 

30 

0.256 

0,868 

0,899 

0,101 

-0,222 

90 

0,109 

0.943 

0.109 

0.109 

-0,260 

37 


I MIM 


TABLE  10 

Test  Results  for  JfS  b2  TR  25 


36- 10* 


0,015 

0,055 

0,100 

0,155 

0,213 

0.251 

-0,045 

-0,034 


=  0,69  •  10* 


fr 

<•!> 

-0,055 

0,040 

0 

0,036 

0,065 

0,039 

0,166 

0,043 

0,334 

0,071 

0,521 

0,123 

0,706 

0.200 

0,894 

0,305 

1,072 

0,442 

1,236 

0,608 

1,373 

0,762 

1,379 

0,783 

1,397 

0,828 

1,461 

0,925 

0,698 

0,723 

0,631 

0,747 

0,600 

0.780 

Si 

-0,050 

0 

0,060 
0,1 69 
0,341 
0,535 
0,731 
0,040 
1.149 
1,361 
1.541 
1.554 
1.592 
1.687 


-0,038 

-0,036 

-0,038 

-0,028 

-0.012 


Re  =  0.78  •  10* 


ASTERN  MOTION  Rr  0.^  10> 


fD 


0,056  0, 

0  0, 

0,064  0, 

0, 


0.120  0,960 


I 

i 


0  0 
5  -0,147 
10  -0  423 
15  -0.577 
20  -  0,705 
25  -  0.869 

30)  -  0.976 
35  -1.039 
40  -1.  18 
45  0.975 

50  0,553 

55  -  0,471  j 
60  -  0.388 
70  -  0,225 
80  -0,050 

yo  -o.iii 


TABLE  11 

Test  Results  for  JfS  55  BR  15 


Re  =  0,56  10*  Re  =  0.71  10* 


« 

<7? 

CD 

er 

cx 

rM 

ec 

'D 

Cy 

*x 

'.V 

-  t 

— 0.073 

0,031 

-0,074 

-0,028 

-0,010 

-  2 

-0,080 

0,031 

-0,081 

-0,028 

0 

0.006 

0.033 

0,005 

-0,033 

-0,002 

0 

0 

0,028 

0 

-0,028 

0,083 

0,031 

0.084 

-0,028 

0,010 

2 

0,080 

0,031 

0,081 

-0,028 

5 

0.308 

0.040 

0,206 

-0,022 

0,027 

3 

0.186 

0,037 

0,189 

-0,021 

ID 

0.362 

0.060 

0,350 

-0,006 

0,064 

10 

0,335 

0,059 

0,340 

-0,000 

0,068 

L3 

0,306 

0,106 

0,317 

0,028 

0,101 

13 

0,478 

0,097 

0,486 

0.029 

0,105 

2D 

0.608 

0,183 

0.634 

0.025 

0,133 

20 

0,601 

0,182 

0,627 

0,035 

0,139 

23 

0.674 

0.320 

0.740 

-0.013 

0,103 

22 

0,618 

0,244 

0,664 

0,005 

20 

0,743 

0.447 

0,867 

-0,013 

0.124 

25 

0,664 

0,331 

0,742 

-0.019 

aai 

0.600 

0,542 

0.876 

-0,040 

0,102 

30 

0,721 

0,438 

0,844 

-0,018 

0,1  lt» 

» 

0.081 

0.548 

0.!-  73 

-0,043 

0,10! 

35 

0,692 

0,529 

0,870 

-0,036 

3? 

0,857 

0.368 

0,867 

-0,050 

0,007 

36 

0,670 

0.541 

0,860 

-0,044 

40 

0.648 

0,601 

0.882 

-0.043 

0.097 

37 

0,668 

0,560 

0,870 

-0,045 

44 

0.382 

0.64j 

0,868 

-0,044 

0,095 

30 

0,640 

0,594 

0,872 

-0,043 

3(M 

0,448 

0.712 

0,897 

-0.039 

0,089 

45 

0,595 

0,654 

0,883 

-0,041 

53, 

0,478 

0.7.34 

0.801 

-0,041 

0,085 

50 

0,538 

0,704 

0,885 

-0,041 

00 

0,407 

0.775 

0,873 

-0,036 

0,073 

55 

0,485 

0,751 

0,893 

-0,034 

0,083 

70 

0.277 

0.840 

0,884 

-0,027 

0,032 

60 

0,411 

0,790 

0,890 

-0,039 

ao 

0.137 

0.856 

0.867 

-0,014 

0.029 

70 

0,284 

0,840 

0,888 

-0.020 

0ft 

0 

0,870 

0.870 

0 

-0,002 

80 

0,141 

0.849 

o,sao 

-0,009 

90 

0 

0.876 

0.876 

0 

TABUS  12 

Test  Results  for  JfS  54  BR  15 


Re  =  0,36  10* 


«V 

eD 

rr 

D 

-  2 

-0,059 

0,073 

-0,062 

-0,071 

-0,017 

m 

0 

0,069 

0 

-0,069 

-0,003 

t 

0,064 

0,071 

0,066 

-0,069 

0,009 

3 

0,163 

0,083 

0,170 

-0,068 

0,029 

10 

0,333 

0,121 

0,349 

-0,061 

0,057 

13 

0,492 

0,183 

0,523 

-0,051 

0,075 

20 

0,629 

0,277 

0,686 

-0,043 

0,093 

25 

0,762 

0,393 

0,838 

-0,038 

0,093 

BTi] 

0,873 

0,534 

1,028 

-0,023 

0,114 

83 

0,967 

0,688 

1.187 

-0,008 

0,114 

CD 

0,965 

0,820 

1,266 

-0,007 

0,094 

41 

0,861 

0,783 

1,163 

-0,026 

0,087 

42 

0,799 

0.750 

1,093 

-0,022 

0,086 

43 

0,723 

0,7  59 

1,040 

-0,026 

0,086 

30 

0,652 

0,792 

1,026 

-0,009 

0,075 

35 

0,377 

0,825 

1,007 

0 

0,068 

0,489 

0,844 

0,976 

0,001 

0,060 

0,326 

0,884 

0,941 

0.004 

0,043 

0,163 

0,879 

0,894 

0,010 

0,026 

90 

0,003 

0,901 

0,901 

0,005 

0,001 

Re  =  0.?1  •  10* 


B 

m 

*r 

<\tf 

-  2 

-0,056 

0,071 

-  0,059 

-0,069 

-0,018 

0 

0,003 

0,067 

0,003 

-0,067 

-0,003 

2 

0,068 

0,068 

0,070 

-0,066 

0,017 

5 

0,167 

0,073 

0,173 

-0,059 

0,031 

0,340 

0,117 

0,355 

-0,056 

0,060 

0,449 

0,182 

0,481 

-0,059 

0,078 

0,633 

0,277 

0,689 

-0,043 

0,096 

0,760 

0,404 

0,860 

-0,045 

0,102 

iK 

0,864 

0,540 

1,018 

-0,036 

0,116 

33 

0,945 

0,692 

1,171 

—0,025 

0,117 

40 

0,922 

0,826 

1,237 

-0.040 

0,103 

41 

0.840 

0,793 

1.155 

-0,049 

0,103 

42 

0,789 

0,772 

1,103 

-0,046 

0,092 

43 

0,720 

0.764 

1,042 

-0,024 

0,088 

30 

0.654 

0,793 

1,030 

-0,010 

0,078 

56 

0,577 

0,828 

1,009 

-0,002 

0,073 

60 

0.491 

0,838 

0,989 

-0,004 

0,063 

70 

0,321 

0,890 

0,946 

-0.003 

0,049 

80 

0,158 

0,887 

0,901 

0,002 

0,029 

90 

0.003 

0,908 

0,908 

0,003 

0,002 

Re  =  0,78  •  tO* 


Cc 

CD 

cx 

eM 

-  2 

-0,064 

0,069 

-0,066 

-0,067 

-0,014 

0 

0 

0,060 

0 

-0,080 

-0,000 

2 

0,060 

0,063 

0,061 

-0,081 

0,014 

5 

0,149 

0,066 

0,134 

-0,052 

0,035 

10 

0,341 

0,121 

0,367 

-0,060 

0,053 

15 

0.492 

0.189 

0,524 

-0,056 

0,075 

20 

0,630 

0,284 

0,689 

-0,052 

0,083 

25 

0.767 

0,406 

0,887 

-  0,044 

0,034 

30 

0,863 

0,544 

1,019 

-0,039 

0,104 

35 

0,963 

0,700 

1,192 

-0,020 

0,111 

40 

0,962 

0,837 

1,275 

-0,024 

0,088 

41 

0,906 

0,837 

1,232 

-0.038 

0,079 

42 

0,812 

0,778 

1.124 

-0,035 

0,077 

45 

0,732 

0,769 

1,082 

-0,028 

0,070 

50 

0,649 

0,803 

1,032 

-0,019 

0,061 

55 

0,576 

0,838 

1,016 

-0,009 

0,053 

60 

0,489 

0,867 

0,995 

-0,011 

0,048 

70 

0,317 

0,904 

0,937 

-0,011 

0,034 

80 

0,165 

0,890 

0,908 

0,007 

0,016 

90 

0,006 

0,905 

0,905 

0,008 

-0.002 

40 
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TABLE  13 

Test  Results  for  JfS  59  BR  15 


Re  =  0,86  10* 


.» 

ec 

* D 

rr 

'X 

-  s 

-0,089 

0,078 

0,062 

-0,076 

-0,006 

0 

0 

0,080 

0 

-0,080 

0,002 

2 

0,066 

0,080 

0,069 

-0,078 

0,011 

8 

0,163 

0,098 

0,171 

-0,080 

0,026 

10 

0,338 

0,140 

0,387 

-0,079 

0,046 

18 

0,492 

0,199 

0,826 

-0,064 

0,064 

20 

0,634 

0,289 

0,698 

-0,086 

0,083 

28 

0,788 

0,404 

0,883 

-0,034 

0,086 

30 

0,983 

0,870 

1,110 

-0,016 

0,113 

38 

1,022 

0,738 

1,260 

-0,018 

0,106 

4© 

1,029 

0,887 

1,388 

-0,018 

0.069 

41 

1,023 

0,908 

1,368 

-0,014 

0,090 

42 

0,792 

0,782 

1,091 

-0,029 

O.f'.tf 

48 

0,743 

0,776 

1,074 

-0,028 

3,068 

SO 

0,669 

0,802 

1,048 

-0,004 

0,061 

88 

0,374 

0,830 

1,009 

-0,006 

0,062 

60 

0,487 

0,854 

0,983 

-0,008 

0.081 

70 

0,321 

0,894 

0,950 

-0,006 

0,036 

80 

0,189 

0,903 

0,917 

-0,001 

0,014 

90 

0 

0,913 

0,913 

0 

0,002 

Re  =  0,71  ■  10* 


Re  =  0,78  •  10* 


eC 

CD 

er 

CX 

- 

Cc 

CD 

ry 

cx 

eM 

0,088 

0,084 

-0,061 

-  0,082 

-0,008 

-  2 

-0,069 

0,088 

-0,062 

-0,086 

-0,012 

0 

0,080 

0 

-0,080 

0,002 

0 

0 

0,088 

0 

-0,083 

0 

0,068 

0,083 

0,068 

-0,080 

0,011 

2 

0,066 

0.087 

0,069 

-0,084 

0,012 

0,162 

0,096 

0,160 

-0,083 

0,027 

5 

0,173 

0,096 

0,181 

-0,081 

0,028 

0,342 

0,138 

0,361 

-0,076 

0,047 

10 

0,341 

0.140 

0.360 

-0,078 

0,049 

0.464 

0,195 

0,528 

—0,064 

0,064 

13 

0,502 

0,209 

0,639 

-0,072 

0,071 

0,640 

0,300 

0.704 

-0,063 

0,087 

20 

0,649 

0,296 

0,711 

-0,056 

0,089 

0,782 

0,429 

0,890 

-0,068 

0,093 

25 

0,791 

0,428 

0,898 

-0,063 

0,096 

0,930 

0,577 

1,094 

-0,038 

0,115 

30 

0,928 

0,573 

1,090 

-0,032 

0,116 

1,024 

0,757 

1,273 

-0,033 

0,113 

33 

1,019 

0,749 

1,263 

-0,029 

0,109 

1,020 

0,906 

1,364 

-0,039 

0,098 

40 

1,019 

0,891 

1,363 

-0,027 

0,094 

1,009 

0,923 

1,366 

-0,037 

0,091 

41 

1,008 

0,926 

1,366 

-0,039 

0,089 

0,806 

0,747 

1,099 

-0,015 

0,074 

42 

0,808 

0,779 

1,121 

-0,039 

0,075 

0,729 

0,778 

1,063 

-0,033 

0,065 

45 

0,747 

0,780 

1,079 

-0,023 

0,067 

0,661 

0,809 

1,048 

-0,014 

0,061 

50 

0,660 

0,820 

1,052 

-0,022 

0,063 

0,681 

0,835 

1,017 

-0,003 

0,053 

55 

0,583 

0,852 

1,032 

-0,011 

0,066 

0,482 

0,888 

0,989 

-0,003 

0,047 

60 

0,503 

0,874 

1,008 

-0,002 

0,047 

0,316 

0,881 

0,938 

-0,006 

0,037 

70 

0,322 

0,901 

0,956 

-0,007 

0,033 

0,160 

0,899 

0,913 

0,001 

0,012 

80 

0,103 

0,910 

0,924 

0,002 

0,017 

0 

0,921 

0,921 

0 

-0,001 

90 

0,008 

0,918 

0,918 

0,005 

-0,000 

41 


TABLE  14 

Test  Results  for  JfS  57  BR  15 


Re  —  0,68  •  10*  Re  «■  0,78  •  10* 


€C 

«r 

D 

eM 

*C 

eD 

'r 

cx 

9 

-0,087 

-0,008 

Riilii 

-  8 

Hffl 

-0,067 

Hum 

0 

0,036 

0 

-0,036 

0,001 

0 

0,003 

0,038 

0,003 

-0,088 

0,006 

0,06® 

0,031 

0,060 

-0,039 

0,019 

3 

0,069 

0,031 

0,060 

-0,029 

0,022 

0,147 

0,043 

0,100 

-0,039 

0,044 

0 

0,148 

0,037 

0,100 

-0,024 

0,046 

HTr 

0.3B3 

0,069 

0,300 

-0,017 

0,078 

0,393 

0,068 

0,800 

-0,016 

0,081 

■r 

0,430 

0,133 

0,403 

-0,006 

0,099 

0,430 

0,123 

0,462 

-0,006 

0,101 

30 

0,079 

0,313 

0,617 

-0,003 

0,106 

0,072 

0,217 

0,613 

-0,008 

0,111 

25 

0,717 

0,336 

0,793 

-0,003 

0,093 

30 

0,698 

0,349 

0,780 

-0,021 

0,097 

30 

0,894 

0,011 

1,090 

0,010 

0,181 

87 

0,736 

0,401 

0,837 

-0,023 

0,101 

33 

1,010 

0,688 

1,333 

0,016 

0,130 

28 

0,701 

0.427 

0,863 

-0,024 

0,104 

40 

1,003 

0,870 

1,370 

0,006 

0,134 

39 

0,820 

0,470 

0,949 

-0,011 

0,117 

43 

1,046 

0,933 

1,394 

0,014 

0,103 

Kl 

0,877 

0,006 

1,013 

0,001 

0,123 

43 

0,706 

0,707 

0,997 

-0,036 

0,078 

so 

0,980 

0,703 

1,210 

-0,011 

0,140 

43 

0,672 

0,736 

0,988 

-0,038 

0,078 

40 

1,038 

0,889 

1,366 

-0,014 

0,127 

00 

0,601 

0,776 

0,983 

-0,038 

0,070 

43 

0,996 

0,960 

1,386 

-0,061 

0,120 

00 

0,034 

0.830 

0,981 

-0.036 

0,063 

43 

0,704 

0,724 

1,009 

-0,080 

0.086 

60 

0,404 

0,868 

0,978 

-0,041 

0,068 

40 

0,667 

0,736 

0,992 

-0,048 

0,086 

70 

0,300 

0,908 

0,906 

-0,088 

0,047 

00 

0,603 

0,794 

0,990 

-0,048 

0,077 

80 

0,149 

0,939 

0,941 

-0,014 

0,033 

so 

0,030 

0,841 

0,996 

-0,046 

0,073 

BO 

-0,006 

0,964 

0,964 

-0,008 

-0,003 

60 

0,406 

0,880 

0,990 

-0,046 

0,067 

70 

0,307 

0,940 

0,987 

-0,033 

0,048 

80 

0,104 

0,944 

0,966 

-0,013 

0,030 

90 

0,001 

0.962 

0,962 

-0,002 

0 

TABLE  IS 

Test  Results  for  Square  Plate  B/L  =  0.015 


Re  =  0,88  •  10' 


ec 

eD 

*r 

X 

*Jf.u 

-  2 

-0,007 

0,018 

-0,067 

-0,016 

0,004 

0 

0 

0,017 

0 

-0,017 

0,001 

2 

0.067 

0,017 

0,067 

-0,015 

-0,003 

6 

0,166 

0,024 

0,168 

-0,010 

-0,004 

10 

0,338 

0.071 

0.S45 

-0.011 

—0,008 

13 

0,563 

0,149 

0,573 

-0,001 

-0,037 

20 

0,762 

0,272 

0,809 

0,006 

-0,082 

28 

0,929 

0,423 

1,021 

0,010 

-0,129 

30 

1,070 

0,587 

1,220 

0,027 

-0,175 

36 

1,166 

0,762 

1,382 

0.038 

-0,213 

40 

1,178 

0,939 

1,606 

0,038 

-0,256 

41 

1,163 

0,989 

1,486 

0,049 

-0,256 

42 

0,803 

0,714 

1,123 

0,050 

-0,202 

45 

0,773 

0,747 

1,074 

0,018 

-0,201 

60 

0,881 

0,768 

1,026 

0,020 

-0,194 

66 

0,896 

0,786 

0,986 

0,038 

-0,188 

60 

0,002 

0,802 

0,940 

0,034 

-0,184 

70 

0,336 

0,863 

0,926 

0,021 

-0,192 

80 

0,180 

0,970 

0,991 

0,008 

-0,234 

90 

0 

1,048 

1,048 

0 

-0,265 

«e  =  0,71  •  10* 


eC 

rD 

er 

-7- 

CJf.M 

-  2 

-0.066 

0,022 

-0,067 

-0,020 

-0,002 

0 

0 

0,018 

0 

-0,018 

0,001 

2 

0,056 

0,019 

0,057 

-0,017 

0,004 

6 

0,151 

0,030 

0,153 

-0,016 

0,007 

10 

0,349 

0,077 

0,357 

—0,015 

—0,006 

15 

0,644 

0,105 

0,666 

-0,009 

-0,034 

20 

0,749 

0,271 

0,797 

0,001 

-0.077 

25 

0,926 

0,413 

1,013 

0,017 

-0,120 

30 

1,047 

0,587 

1,201 

0,016 

-0,165 

36 

1,169 

0,768 

1,384 

0,043 

-0,002 

40 

1,177 

0,944 

1,608 

0,033 

-0,230 

41 

1,167 

0,936 

1,487 

0,062 

-0,247 

42 

0,S54 

0,720 

1,119 

0,032 

-0,199 

46 

0,785 

0,748 

1,083 

0,027 

-0,196 

60 

0,689 

0,768 

1,031 

0,034 

-0,187 

06 

0,599 

0,784 

0,980 

0.042 

-0,181 

60 

0,506 

0,821 

0,964 

0,027 

-0.186 

70 

0,334 

0,840 

0,903 

0,027 

-0,186 

80 

0,182 

0,946 

0,964 

0,015 

-0,223 

90 

0,003 

1,036 

1,036 

0,003 

-0,262 

42 


-1 


TABLE  16 


rest  Results  for  Square  Plate  B/L 


0.03 


R*  -  0,57  10*  Re  -  0.71  •  10* 


cC 

m 

*r 

'X 

ec 

^  ...  - 

'J> 

a 

Di 

M,u 

-  s 

-0.064 

0.033 

-0,086 

-0,031 

-0,003 

-  8 

-0,061 

0,036 

-0,083 

-0,033 

—0,008 

K 

0,007 

0,033 

0,007 

-0,033 

0,003 

m. 

0,  03 

0,033 

0,003 

-0,033 

0,001 

1 

0,060 

0,036 

0,063 

-0,033 

0,008 

Ik 

0,081 

0,036 

0,063 

-0,033 

0,004 

K 

0,186 

0,060 

0,169 

-0,031 

0,006 

mt. 

0,166 

0,044 

0,189 

-0,031 

0,008 

to 

0,338 

0,003 

0,349 

-0,033 

-0,009 

10 

0,343 

0,093 

0,363 

-0,031 

-0,009 

18 

0.630 

0,170 

0,886 

-0,038 

-0,036 

16 

0,827 

0,167 

0,683 

-0,088 

-0.036 

■  Y 

0,734 

0,288 

0,778 

-0,082 

-0,077 

20 

0,723 

0,389 

0,778 

-0,034 

-0,080 

0,887 

0,438 

0,968 

-0,013 

-0,116 

28 

0,876 

0,404 

0,966 

o;oo4 

-0,117 

1,038 

0,803 

1,193 

0,008 

-0,160 

30 

1,016 

0,684 

1,171 

0,002 

-0,184 

38 

1,110 

0,768 

1,383 

0,018 

-0,203 

38 

1,106 

0,764 

1,343 

0,008 

-0,203 

40 

1,184 

0,930 

1,478 

0,038 

-0,248 

40 

1,142 

0,914 

1,463 

0,034 

—0,240 

41 

1,147 

0,081 

1,489 

0,038 

-0,383 

41 

1,132 

0,937 

1,468 

0,038 

-0,243 

43 

0,883 

0,716 

1,113 

0,038 

-0,194 

43 

0,849 

0,738 

1,118 

0,087 

-0,198 

0,816 

0,743 

1,103 

0,083 

-0,194 

48 

0,796 

0,766 

1,097 

0,039 

-0,198 

0,681 

0,771 

1,038 

0,036 

-0,188 

SO 

0,698 

0,704 

1,047 

0,028 

-0,197 

0,883 

0,780 

0.973 

0,039 

-0,178 

88 

0,604 

0,798 

0,999 

0,037 

-0,182 

0,480 

0,797 

0,938 

0,034 

-0,176 

60 

0,494 

0,807 

0,946 

0,034 

-0,177 

0,381 

0,883 

0,921 

0,007 

-0,188 

70 

0,333 

0,886 

0,917 

0,030 

-0,182 

0,177 

0,983 

0,970 

0,009 

-0,817 

90 

0,178 

0,960 

0,978 

0,003 

-0,217 

00 

0,007 

1,063 

1,082 

0,007 

-0,289 

90 

0,008 

1,068 

1,006 

0,005 

-0.263 

TABLE  17 

Teat  Results  for  Square  Plate  B/L  &  0.05 


Re  *  0.68  •  10* 


I9 

ec 

CD 

Tr 

'U 

—2 

-0,084 

0,062 

-0,066 

-0,060 

-0,013 

0,002 

0 

0,008 

0,060 

0,008 

-0,060 

0,001 

-0,000 

2 

0,062 

0,067 

0,063 

-0,066 

0,018 

0,002 

8 

0,161 

0,069 

0,186 

-0,064 

0,039 

-0,003 

10 

0,336 

0,116 

0,381 

-0,036 

0,066 

-0,003 

16 

0,618 

0,192 

0,660 

-  0,031 

0,086 

-0,063 

90 

0.600 

0,291 

n  7 aq 

-0,037 

0,033 

—0,089 

38 

0,844 

0,428 

0,946 

-0,031 

0,098 

-0,1 39 

30 

0,991 

0,819 

1,168 

-0,040 

0.114 

-0,178 

38 

1,069 

0,788 

1,327 

-0,032 

0,107 

-0,225 

40 

1,100 

0,948 

1,489 

-0,013 

0,102 

-0,263 

41 

1,108 

0,972 

1,472 

-0,009 

0,098 

-0,270 

42 

1,096 

0,979 

1,469 

0,004 

0,094 

-0,274 

43 

0,894 

0,809 

1,206 

0,0 'ft 

0.08C 

-0,212 

46 

0,788 

0,804 

1,123 

-0,013 

0,082 

-0,200 

60 

0,714 

0,842 

1,103 

0,006 

0,069 

-0,207 

86 

0,624 

0,884 

1,082 

0,004 

0,063 

-0,207 

60 

0,830 

0,922 

1,063 

-0,003 

0,061 

—0,200 

70 

0,238 

0,946 

1,003 

-0,007 

0,048 

-0,206 

80 

0,181 

0,988 

0,972 

-0,008 

0,023 

-0,220 

90 

0 

0,998 

0,998 

0 

0 

-0,260 

Re  =  0,87  ■  to* 


1* 

rC 

CD 

Cy 

eX 

rtt 

rU.H 

-2 

-0,061 

0,066 

-0,063 

-0,064 

-0,012 

0,001 

0 

0 

0,064 

0 

-0,054 

0,003 

0,0025 

2 

0,061 

0,068 

0,063 

-0,056 

0,018 

0,0021 

6 

0,166 

0,071 

0,171 

-0,066 

0,040 

0,0027 

10 

0,346 

0,117 

0,360 

-0,068 

0,068 

-0,0218 

18 

0,614- 

0,193 

0,466 

-0.053 

0.086 

—60508 

30 

0,697 

0,315 

0,763 

-0,047 

0,102 

-0,0889 

28 

0,859 

0,460 

0,972 

-0,084 

0,109 

-0,1343 

30 

0.996 

0,624 

1,173 

-0,042 

0,111 

-0,1821 

35 

1,070 

0,793 

1,332 

-0,037 

0,107 

-0,22'V) 

40 

1,126 

0,964 

1,476 

-0,008 

0,101 

-0,2677 

41 

1,109 

1.010 

1,498 

-0,038 

0,112 

-0,2624 

42 

1,079 

1,019 

1,482 

-0,036 

0,103 

-0,2673 

43 

0,832 

0,790 

1,148 

-0,010 

0,072 

-0,2161 

46 

0,798 

0,795 

1,126 

0,002 

0,070 

-0,2115 

30 

0,731 

0,344 

1,117 

0,017 

0,066 

-0,2144 

66 

0.616 

0,879 

1,073 

0,001 

0,062 

-  0,2058 

60 

0,621 

0,817 

1,066 

-0,008 

0,064 

-0,2097 

70 

0,342 

0,942 

1,002 

-0,001 

0,039 

-0,2111 

80 

0,162 

0,964 

0,977 

-0,008 

0,023 

-0,2214 

90 

0 

0,996 

0,996 

0 

0,001 

—0,2484 

43 


I 


TABLE  18 

Test  Results  for  Square  Plate  r/L-  **  0.0? 


Re  -  0,56  JO*  Re  -  0.71  10* 


rc 

®a 

•r 

*x 

•*.« 

i* 

eY 

CJ#.8» 

-  2 

-o.oea 

0,071 

-0,084 

-0,080 

0,008 

0 

0 

0,074 

0 

-0,074 

0,002 

0 

0 

0,060 

0 

-0,008 

0,003 

a 

0,088 

0,077 

0,088 

-0,074 

-0,001 

2 

0.088 

0,071 

0,084 

-0,088 

-0,002 

8 

0.100 

0,088 

0,167 

-0,072 

-0,006 

S 

0,188 

0,080 

0,183 

-0,087 

-0,008 

10 

0,383 

0,138 

0,341 

-0,073 

-0,018 

10 

0,818 

0,188 

0,338 

-0,060 

-0,080 

18 

0,488 

0,206 

0,521 

-0,073 

-0,047 

IS 

0,482 

0,100 

0,817 

-0,087 

-0,048 

20 

0,684 

0,311 

0,781 

-0,088 

-0,098 

SO 

0,648 

0,808 

0,712 

-0,068 

-0,083 

88 

0,788 

0,442 

0,901 

-0,068 

-0,142 

28 

0,783 

0,440 

0,808 

-0,068 

-0,140 

30 

0,615 

0,893 

1,089 

-0,088 

-0,187 

90 

0,008 

0,888 

1,070 

-0,084 

-0,184 

38 

0,988 

0,738 

1,232 

-0,049 
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Figure  18  -  Flow  Forces  on  Rec¬ 
tangular  Rudder  TMB  075  075  15 
AR  ™  1,  Re  32  0.69  .  106,  JfS  wind 


tunnel  measurement,  uncorrected, 
Ao/Aq  =  0.204.  (Numerical  values  in 
*  Table  4) 


Figure  19  -  Flow  Forces  on  Rec¬ 
tangular  Rudder  TMB  075  075  15  in 
Astern  Motion 

A  —  1,  Re  =  0.56 
rv 

tunnel  measurement,  uncorrected, 
Ajj/A^  =  0.204.  (Numerical  values  in 
^  15  Table  4) 


10^,  JfS  wind 
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Figure  20  -  Flow  Forces  on  Rectan-  Figure  21  -  Flow  Forces  on  Rectan¬ 


gular  Rudder  MCA  0015 
R  -  1,  Re  -  0.79  .  106,  JfS  wind 


gular  Rudder  NACA  0015  in  Astern 
Motion 


tunnel  measurement ,  uncorrected, 

A— /Aq  =  0.204.  (Numerical  values  in 
**  *  Table  5). 


Figure  22  -  Flow  Forces  on  Rectan-  Figure  23  -  Flow  Forces  on  Rectan¬ 
gular  Rudder  NACA  0025  gular  Rudder  NACA  0025  in  Astern 

Motion 
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Figure  26  -  Flow  Forces  on  Rectan-  Figure  27  -  Flow  Forces  on  Rectan¬ 
gular  Rudder  JfS  58  TR  25  gular  Rudder  JfS  58  TR  25  in 

Astern  Motion 


Figaro  28  -  Flow  Forces  on  Rectan¬ 
gular  Rudder  JfS  61  TR  25 


Figure  29  -  Flow  Forces  on  Rectan 
gular  Rudder  JfS  61  TR  25  in 
Astern  Motion 


Figure  30  -  Flow  Forces  on  Rectan-  Figure  31  -  Flow  Forces  on  Rectan¬ 
gular  Rudder  JfS  62  TR  25  gular  Rudder  JfS  62  TR  25  in 

Astern  Motion 


Figure  34  -  Flow  Forces  on  Rectan¬ 
gular  Bow  Rudder  JfS  59 
BR  15 


Figure  35  -  Flow  Forces  on  Rectan¬ 
gular  Bow  Rudder  JfS  57 
BR  15 


48 


f 


Figure  42  -  Drag  Power  Requirement  of  Various 
Rudder  Profiles  at  Rudder  Angle 
in  Straight-Ahead  Motion 


TABLE  19 

Rudder  Efficiency  and  Drag  Power  Requirements  of  the 
Profiles  Investigated 


MOT  tow  ALONG  THE  TURNING  CIRCLE 


PROFILE 

i 

He 

10* 

*K  -  -  M° 

T—~ 

(STRAIGHT  -  AHEAD  MOTKMj 

'  l.jjltl  ~  II, .1 

riKt  “  Cc 
CONTROL 
FORCE 

POWER 

requirement 

ISsiS 

XACA  0015 . 

0,79 

-0  ,622 

0,135 

-  0,675 

0.062 

0015 . 

0,78 

-  0,586 

0,145 

-0,637 

0.080 

JfS  50  TR  15  . 

0,78 

-  0,670 

0,166 

-  0,714 

0,087 

•)  25  . 

0,78 

-  0,660 

0,191 

-0,698 

0,115 

J(8  AS  TR  35  . 

0.78 

-  0,708 

0.199 

-  0,742 

1 

0,116 

1 

SEE  ALSO  FIGURE  43. 
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Figure  43  -  Dreg  Power  Requirement  end  Efficiency 
of  Profile  JfS  58  TR  25  for  Straight-Ahead  Motion 
end  for  Motion  along  the  Turning  Circle  L^/R  *0.5 


Figure  44  -  Influence  of  Aspect  Ratio  on  the  Trane vers e- 
Force  Coefficient  for  Various  Rudders 


the  Transverse-Force  Coefficient  lor  Various  Rudders 
G.  MEASURES  FOR  SUBSEQUENT  ALTERATION  OF  RUDDER  CHARACTERISTICS 

This  catch  word  was  adopted  after  the  last  war  in  order  to  resume 

research  work  on  the  problems  concerning  ship  rudders.  Even  today  there 

arises  again  and  again  the  problem  of  improving  the  qualities  and  the 

efficiency  of  a  rudder,  with  the  aid  of  limited  means  in  most  cases. 

Frequently,  an  improvement  in  directional  stability  is  what  is 

desired.  Tie  most  inexpensive  means  to  achieve  this  is  by  the  so-called 

rudder  wedge  arrangement.  Figure  46  shows  an  exanple  taken  from  the 

30 

extensive  investigation  by  Thiemann.  Figures  46a,  b,  and  c  indicate, 


Translator’s  note:  Stankeil  -  "stagnation"  wedge. 
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Krwrtrt  how  thi«  brings  about  a  change  in  tranavarse  force,  resistance, 
and  aoatnt.  Of  couraa.  the  i"»>rcvess-.t  of  the  transverse  force  and 
directional  stability  entails  a  certain  additional  resistance  and  a  higher 
rudder  moment.  Moreover,  it  mutt  be  borne  in  mind  that  the  effect  of  the 
wedge  arrangement  ia  ell  the  greater,  the  poorer  the  deaign  of  the  initial 
profile  which  ia  to  be  improved.  That  ia  a  unique  disadvantage  of  the 
more  recent  profile*;  they  can  no  longer  be  unproved  so  easily  later  on  by 
fittii.g  a  wedge  on  the  profile. 

The  development  of  the  wedgea  fitted  on  the  trailing  edge  of 
rudder*  will  hardly  be  clarified  entirely  by  the  statements  made  here. 

After  the  last  war  it  was  a  prestige  question  at  one  time  whether  this 
procedure  originated  in  the  model  basin  or  in  the  shipyards  building 
coastal  vessels.  It  saist  he  admitted,  however,  that  ovolutionally  the 
procedure  of  the  model  bcain  was  based  on  the  trailing -edge  control  mecha¬ 
nism  developed  a  number  of  years  before  for  missiles  by  Herbert  Wagner 
which  makes  this  procedure  about  20  years  old  now.  Meanwhile,  however,  the 
author  following  a  friendly  suggestion  was  able  to  ascertain  that  even  as 
early  as  1934  the  Hovaldt  Co.  of  Hamburg  (Howaldt  Shipyard  at  Hamburg)  had 
fitted  the  seaside  resort  ship  KDNXGXN  LUZSE  with  a  kind  of  alternately 
step-like  rudder  wedge  to  condensate  for  a  reduction  of  the  rudder  area. 

In  the  meantime,  the  ahape  of  the  rudder  wedge  has  undergone  a 
considerable  evolution.  First,  the  combination  of  a  shortening  of  the 
profile  at  the  trailing  edge  and  the  simultaneous  fitting  of  a  wedge  at  the 
new  trailing  edge,  as  shown  in  Fora  II  in  Figure  46,  was  successfully  used 
in  actual  practice  and  later  investigated  experimentally.  Thereby  it  is 
possible  by  the  skillful  application  of  these  measures  not  only  to  in¬ 
crease  the  transverse  force  in  the  entire  angular  range,  but  also  to  re¬ 
duce  the  rudder  moment  at  the  same  time,  as  seen  again  in  Figures  46a,  b, 
and  c. 

It  should  be  pointed  out  nevertheless  that  the  astern  character¬ 
istics  are  affected  somewhat  adversely  by  the  wedge  arrangement.  On  the 
other  hand,  steering  ability  in  astern  motion  depends  less  on  the  form  of 
the  rudder  than  on  the  rudder  arrangement.  In  the  case  of  a  narrow  pro¬ 
peller  aperture  or  a  twin-screw  single  rudder  immediately  behind  the  dead- 
wood,  shortening  the  dead  wood  helps  more  than  changing  the  rudder  profile. 
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We  night  Mention  in  thia  connection  one  other  inexpensive  end  al¬ 
ready  proven  Method  of  changing  the  rudder,  that  is,  the  u>«  or  end 
disks.  In  any  event,  this  increases  the  contribution  of  the  rudder  to 
directional  stability  although  it  produces  some  additional  resistance, 
especially  for  larger  aspect  ratios.  At  smaller  aspect  ratios,  say,  at 
1.0  or  even  below  that,  the  resistance  increase  1  s  small  in  relation  to 
the  increase  in  the  transverse  force;  in  that  case,  however,  the  maximum 
rudder  effect  decreases  sc  that  we  must  count  on  a  decrease  in  the  maximum 
turning  ability. 


H.  FITURE  TRENDS  IN  RUDDER  FORMS 

The  optimum  which  was  approximately  obtained  for  balanced-rudder 
profiles  with  such  forms  as  IfS  58  TR  25  and  IfS  62  TR  25  will  have  to  be 
investigated  further  in  view  of  the  influence  of  structural  don ires  for  a 
thick  trailing  edge  and  possibly  for  even  greater  profile  thicknesses. 

In  this  connection,  the  danger  of  cavitation  or  air  penetration,  whan 
rudders  operate  near  the  surface  will  have  to  bo  considered  as  the  Froude 
number  increases. 

A  parallel  development  for  guide  head  rudders  and  semi-balanced 
rudders  msy  be  based  on  these  results.  In  the  case  of  the  guide  head 
rudders,  a  certain  measure  of  balancing  is  urgently  desirable  as  a  partic¬ 
ular  goal  of  the  development;  thus  far,  this  has  been  obtal •  ed  in  the 
highest  degree  with  the  HSVA  form  according  to  Figure  74. 

In  view  of  the  bow-rudder  development  and  the  control  tV  he 

astern  motion  with  normal  stern  rudders,  it  is  not  enough  to  c>-  tinue  the 
development  of  the  bow-rudder  forms  now  begun.  The  effect  of  th>  deadwood 
in  front  of  the  stern  rudder  and  of  the  ship  hull  behind  the  bow  ru  iJor 
warrants  investigation.  In  both  oases,  a  certain  interspace  must  r<-  >.ain 

i 

in  order  that  the  cross  flow  in  the  wake  of  the  rudder  does  not  react  upon 
the  hull  with  full  foroe. 

The  above-mentioned  fundamental  influence  exerted  on  the  rudder 
forces  by  the  turning  of  the  ship  which  deforms  the  entire  rudder  polar 
curve  must  be  investigated  still  further,  especially  in  view  of  the  maxi¬ 
mum  rudder  effeot,  since  possibly  the  simple  conversion  process  used  here 
does  not  encompass  the  overall  improvement  which  might  be  obtained. 
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A  special  objective  for  node1  tacts  at  particularly  aieall  Reyrolia 
number*,  on  one  hand,  and  for  certain  type*  of  ahipa,  on  the  other,  con¬ 
sists  in  the  development  of  rudders  which,  for  structural  reasons,  must 
have  adequate  shaft  thickness  while  acting  supposedly  like  thin  plate 
rudders.  Rudder  IfS  57  TR  ] 5  investigated  here  has  not  yet  proved  to  be 
satisfactory  in  this  sense;  it  still  remains  at  a  disadvantage  compared 
to  the  plates  of  equal  or  even  greater  edge  thickness. 

It  goes  without  saying,  that  additional  effects  due  to  the  influence 
of  the  propeller  slipstream, a  greater  Reynolds  number,  And  natural 

roughnoss  must  be  kept  in  mind  for  all  further  developments.  In  this 
connection  the  question  becomes  interesting  as  to  the  extent  to  which  a 
partial  flow  separation  may  be  quickly  compensated  for  by  giving  a  limited 
amount  of  rudder  angle  If  the  maximum  transverse  force  is  exceeded.  If 
adequate  safety  can  be  provided  in  this  area,  the  operational  performance 
of  rudders  can  also  be  increased  in  a  simple  manner  by  stepping  up 
appreciably  the  permissible  hard-evor  position  of  the  rudder. 
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APPENDIX 

DISCUSSION  BY  OTHER  INVESTIGATORS 

Dr.  Ehg.  Dr.  Aschenbach,  Frankfort  (expanded  in  writing) 

In  1943 ,  I  was  engaged  in  experiments  on  new  types  of  rudders  on 
the  basis  of  two  German  Reich  patents;  these  experiments  were  altogether 
different  from  those  discussed  in  the  present  paper. 

One  of  the  patents  dealt  with  perforated  and  staggered  rudder 
surfaces  and  the  other  with  a  'spreading  rudder*  (German  'Spreizruder* ) 
which  served  as  an  anti-roll  stabilizer. 

The  tests  with  the  slotted  rudder  were  undertaken  at  the  request  of 
the  Reich  Ministry  of  Transport  and  were  carried  out  by  the  Hamburg  Model 
Basin  (HSVA). 

In  these  tests ,  the  slotted  rudder  was  investigated  in  comparison 
to  a  conventional  rudder  of  a  barge;  the  former  had  only  89  percent  of  the 
area  of  the  conventional  rudder.  The  greatest  profile  thickness  of  the 
conventional  rudder  amounted  to  l/30  while  that  of  the  slotted  rudder 
amounted  to  l/ll  of  the  rudder  length;  in  both  cases  it  was  located  in 
the  turning  axis  which  was  arranged  approximately  17.5  percent  of  the 
length  behind  the  leading  edge  of  the  rudder. 

The  balancing  surface  was  equally  large  for  both  rudders;  however, 
the  slotted  rudder  exhibited  a  greater  equilibration  due  to  the  slot  and 
to  the  pressure  increase  in  the  forward  zone  of  the  flow  which  occurs  in 
the  case  of  streamlined  profiles.  The  body  plan  of  the  barge  and  the  two 
rudders  are  represented  in  Figure  1. 

Two  series  of  tests  were  carried  out.  First,  the  steering  moments 
and  the  rudder  turning  moments  were  measured  for  various  rudder  angles 
with  the  model  running  straight  ahead  and  then  Z-maneuvers  were  carried 
out. 

The  curve  of  the  steering  moments  are  presented  in  Figure  2,  and  a 
curve  of  the  rudder  turning  momenta  for  both  types  of  rudders  is  shown  in 
Figure  3.  From  these,  the  energy  expended  in  shifting  the  rudder  was 
confuted  and  is  represented  graphically  for  both  types  of  rudders  in 
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CONVENTIONAL  RUOOER 


ASCHENBACH  SLOTTED  RUDDER 


Figure  1  -  Body  Plan  of  the  Barge  and  of  the  Two  Rudders 
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Figure  4.  It  will  be  teen  that  up  to  *  rudder  angle  of  20  deg,  the 
Aachenhaoh-sletted  rudder  can  be  shifted  sore  easily  with  equal  rudder 
efficiency. 

It  should  be  pointed  out  that  those  testa  with  elements  were  not 
intended  to  determine  optimum  rudder  arrangements  but  only  to  conpare  the 
conventional  rudder  with  a  slotted  rudder  designed  on  the  spur  of  the 
moamnt.  The  slotted  rudder  should  have  been  adapted  to  the  hull.  This  is 
proved  by  my  design  for  concrete  tankers  whose  rudders  were  adapted  to  the 
form  of  the  ship  and  as  a  result,  exhibited  a  cooperatively  smaller  head 
resistance  both  in  the  experimental  tank  at  the  Berlin  Research  Institute 
for  Hydraulic  Ehgineering  and  Shipbuilding  and  on  the  river  Danube. 

During  the  teat  runs  along  a  sinuous  course,  the  rudder  is  shifted 
to  sero,  whereupon  it  is  shifted  to  port  or  starboard  by  means  of  a  steer¬ 
ing  engine  and  the  sheering  of  the  model  out  of  course  is  observed.  Once 
the  model  has  reached  a  course  angle  of  10  deg,  the  rudder  is  shifted  to 
the  opposite  course  and  the  measuring  process  is  repeated.  By  carrying 
out  this  maneuver  several  times,  we  obtain  the  Z-maneuver  for  10-,  20-, 
and  30-deg  rudder  angle.  If  the  rudder  is  shifted  in  intervals  from  one 
hard -over  position  to  the  other  (front  full-right  to  full-left  rudder),  a 
turbulent  flow  is  produced  about  the  rudder  which  does  not.  calm  down  very 
quickly;  in  the  case  of  the  moving  ship,  on  the  other  hand,,  an  almost 
laminar  flow  occurs  since  the  rudder  is  shifted  slowly  with  the  result  that 
the  streamlining  of  the  rudder  stands  out  more  prominently  compared  to  the 
isuitreaadined  conventional  rudder  just  as  the  existence  of  a  slot  becomes 
more  prosdnent,  too. 

Although  these  tests  demonstrated  a  certain  superiority  of  the 
slotted  rudder,  it  would  nevertheless  be  a  good  idea  if  the  author  of  the 
paper  would  extend  his  investigations  to  include  this  type  of  rudder  also 
since  in  wartime  not  all  of  W  proposals,  objections,  and  modifications 
could  be  taken  into  consideration. 

The  other  patent  referred  to  concerned  a  twin  'spreading  rudder' 
('Spreisdoppelruder, '  "spreading  double  rudder")  which  is  to  serve  the 
purpose  of  roll  quenching.  According  to  the  intensity  of  the  seaway,  the 
angle  of  spread  (or  flare)  a  is  adjusted,  and  by  means  of  the  twin  rudder, 
that  half  of  the  rudder  which  is  effective  in  a  given  case  can  reduce  the 
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yawing  of  the  ship  end  thus  the  rolling  a*  well  aince  the  yawing  and 
rolling  motions  are  coupled  with  one  another  through  the  path  of  the  cen¬ 
ter  of  gravity;  the  result  is  that  steering  the  ship  along  a  straight 
course  must  also  have  the  effect  of  dashing  the  rolling  of  the  ship,  at 
least  the  rolling  oscillations,  at  the  sane  time . 

Hie  steering  rudder  does  not  participate  in  this;  the  spreauing 
rudder,  however,  which  nay  be  installed  fore  or  aft  of  the  ateering  rudder 
is  controlled  by  a  gyro# cope  which  shifts  it  accordingly.  In  a  calm  aea, 
the  angle  a  may  be  aet  at  zero. 

Figure  5  shows  a  sketch  of  the  arrangement.  It  has  not  been 
executed  as  yet.  However,  since  it  is  simpler  than  other  stabilisers,  I 
should  like  to  recommend  that  the  author  include  this  rudder  arrangement 
in  future  teats. 

Prof.  G.  Weinblum,  Dr.  Ehg.,  Dr.  Aig.  h.c  ,  Hanburg 
(Word  of  appreciation). 

Although  the  somewhat  unfortunate  time  history  may  have  tired  you 
perhaps,  you  have  nevertheless  gained  the  inpress  ion  how  much  work  may  be 
accomplished  in  this  field,  already  regarded  as  classical,  and  how  nuch 
has  actually  been  accomplished  by  Hr.  Thieme.  The  latter  now  resembles  a 
sponge  which  is  sucked  full  of  useful  information;  hence,  we  may  expect  a 
number  of  interesting  results  from  him  in  the  course  of  the  next  few  years. 
I  believe  that  I  speak  for  all  present  when  I  say  that  we  are  very 
grateful  to  Mr.  Thieme  for  his  fundamental  and  practically  interesting 
presentation;  thus  we  conclude  the  present  lecture  (Lively  applause). 

Dr.  J.  Richter,  Dr.  big.,  Berlin  (submitted  in  writing). 

First  of  all,  I  wish  to  express  sqt  appreciation  to  Mr.  Thieme  for 
his  report.  He  may  be  certain  that  not  only  naval  architects  but  also 
marine  engineers  and  electrical  engineers  are  keenly  interested  in  this 
work. 

I  was  particularly  interested  in  the  difference  in  the  turning 
ability  of  the  small  ship  model  in  comparison  to  the  full-scale  ship  if  the 
rudder  is  dimensioned  according  to  scale  and  if  one  is  governed  by  Froude,a 
law  when  determining  the  model  speed.  In  one  individual  case,  I  have 
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ascertained  that  for  a  scale  of  length  of  1:75,  the  turning  ability  of  the 
nodel  fell  16  percent  below  the  turning  ability  of  the  full-scale  ship. 

X  am  *ure  that  the  author  can  furnish  information  as  to  the  site  of  the 
model  rudder  required  in  order  to  predict  the  actual  turning  ability  of  a 
full -scale  ship  from  steering  teats  with  models. 

Dipl.~Ing.  H.  Thieme  (Written  reply) 

The  two  proposal*  made  by  Dr.  Aschenbach— slotted  rudder  and 
spreading  rudder — had  not  previously  come  to  ny  attention  nor  presumably 
to  many  in  this  audience;  hence,  this  presentation  of  his  proposals  will 
contribute  to  many  additional  lines  of  reasoning  in  the  rudder  develop¬ 
ment.  What  is  common  to  both  proposals  from  the  hydrodynamic  standpoint 
is  that  they  concern  the  problem  of  the  tandem  rudder.  Inasmuch  as  few 
data  exist  on  this  subject,  I  hsd  already  taken  this  project  into  con¬ 
sideration  for  further  programs.  Thus,  the  recommendation  of  Dr. 

Aschenbach  falls  v  somewhat  prepared  ground. 

I  should  like  to  point  out,  however,  that  I  do  not  expect  any 
advantage  can  be  gained  by  using  a  slotted  rudder.  The  superiority  of 
this  form  as  obtained  in  the  rudder  moment  for  equal  efficiency  in  the 
lower  angle  range  is  based  less  on  the  superior  quality  of  this  arrange¬ 
ment  than  on  the  arbitrary  underbalancing  of  the  barge  rudder  used  for 
conparison. 

I  have  some  reservations  on  accepting  the  conjecture  regarding  the 
dynamically  obtained  flow  condition  on  the  model  rudder  and  the  laminar 
condition  on  the  ship  rudder. 

In  conclusion,  I  wish  to  express  mv  keen  appreciation  to  Dr. 
Aschenbach  for  sharing  his  experiences  with  us  and  for  hio  suggestions. 

The  question  raised  by  Dr.  Richter  with  regard  to  the  methods  of 
accounting  for  scale  effect  on  the  rudder  efficiency  broadens  the  scope 
of  the  subject  in  a  natural  and  weldome  manner.  Hence,  I  am  doubly 
grateful  to  him  for  his  observation. 

let  me  first  turn  to  Dr.  Richter1 a  statement  that  in  one  case  he 
observed  that  the  turning  ability  of  the  model  amounted  to  only  84  percent 
of  the  turning  ability  of  the  ahip.  In  a  study  of  11  ships  of  all  possible 
types  and  various  rudder  angles,  Suarez  and  Strumpf  (Davidson  Laboratory 
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Nets  No.  548)  determined  the  ratio*  of  the  turning  ability  between  model 
and  ship  to  be  between  0.7  and  1.14.  in  which  case  the  value*  below  1  are 
altogether  preponderant.  Hence,  Dr.  Richter1 a  obaervation  lie*  within 
the  range  of  atatiatically  normal  expectation. 

The  following  scale  effects  may  have  an  effect  on  the  magnitude  of 
the  force  to  be  expected  on  the  rudder: 

1.  Apart  from  undesirable  and  extreme  laminar  effect*,  the  wake  on 
the  rudder  ia  generally  greater  for  the  model  than  for  the  ahip. 

2.  For  rudders  in  the  propeller  slipstream,  we  must  always  assume 
a  greater  velocity  increment  for  the  free-running  models  than  for  the 
ahip.  This  effect  is  thus  the  opposite  of  the  one  referred  to  under  1. 
Hence,  the  final  result  may  lie  in  both  directions. 

3.  In  the  case  of  similar  flow  conditions,  the  smooth  model  rudder 
with  a  smaller  Reynolds  number  normally  shows  smaller  force  coefficients 
in  all  cases  than  the  rougher  ship  rudder  with  a  greater  Reynolds  number; 
from  this,  too,  we  may  therefore  expect  a  contribution  in  terns  of  a 
reduction  of  the  ratio  of  the  turning  ability. 

In  the  normal  case,  no  suitably  confuted  corrections  are  made  in 
model  tests  because  of  the  considerable  difficulties  encountered  in 
estimating  these  effects  in  advance.  In  case  of  given  advance  estimation 
the  ratio  of  the  turning  ability  to  be  expected  under  1.  may  be  guarded 
against  by  a  dissimilar  enlargement  of  the  rudder  area  on  the  model  or — in 
case  one  is  restricted  to  fairly  moderate  rudder  deflections— by  replacing 
the  streamline  model  rudder  by  a  plate  model  rudder. 

Although  this  goes  somewhat  beyond  the  question  raised  by  Dr. 
Richter,  but  I  want  to  avoid  having  the  reader  junp  to  any  oversimplified 
analogy  conclusions.  Hence,  1  wish  to  add  immediately  that  theoretically 
the  change  in  the  course  stability  as  well  as  in  the  yaw-checking  ability 
may  be  expected  to  amount  to  no  more  than  approximately  one-half  the 
magnitude  owing  to  the  scale  between  model  and  ship  in  view  of  1.  and  2.; 
This  result  is  obtained  if  consideration  is  given  to  the  change  of  the 
flow  angles  on  the  rudder  which  is  brought  about  by  the  scale  effects. 
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